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Binary Mixture Film Condensation of Internal Flows

By

Susumu KOTAKE

Abstract:  Film condensation of binary mixture flows in a vertical channel of variable
circular cross-section is studied theoretically to predict effects of the channel geometry,
vapor flow velocity, system temperature and type of mixture. The condensation is domi-
nated mainly by the liquid-vapor equilibrium characteristics and the mass transfer process
in the vapor flow. Nozzle-type flows yield larger values of local condensation rate, although
the channel geometry has not a considerable effect on the overall condensation rate. The
flow direction has a considerable influence on the condensation rate. Quasi-developed flows
show different features from those of developing flows, implying a substantial effect of
the flow in the starting region upon the condensation process. By similarity consideration
of the governing equations and the boundary conditions, the nondimensional parameters
concerning the mass transfer and the phase equilibrium are obtained to characterize the
condensation process.
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NOMENCLATURE
C mass fraction of the volatile species
¢, specific heat at constant pressure
cy difference of specific heats, c¢,;,—c,,
D binary diffusion coefficient
f friction coefficient, Eq. (6.9)
G, Grashof number, gR}/12,
g acceleration of gravity
H, Stefan number, ¢,,o(70— T.)/ 2,0
h enthalpy
K, K., K, nondimensional parameters, Eqgs. (7.72), (7.73)
k thermal conductivity
L length of the cooled wall
N, Nusselt number, Eq. (6.2)
M, Mach number, (o,,Ug/P,)""*
M, molecular weight of species i
m rate of condensation per unit area
P, pressure at the vapor-flow inlet
P, Prandtl number, c,,ott,o/k,0
P pressure
DPs:i vapor pressure of pure component i
q heat flux to the wall
qr, qF mass and heat fluxes, Egs. (6.2), (6.3)
R radius of channel
R,, R, radii of concentration and temperature layers
R, Reynolds number, p,,UyRo/ttro
R; radius of the interface, R—d
7 gas constant
r radial coordinate
S, Schmidt number ,,/(0,0D,0)
S, Sherwood number, Eq. (6.3)
T temperature
Ty inlet temperature of vapor flow
T, wall temperature
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Uy, inlet velocity of vapor flow at the channel center
u, v axial and radial velocity components

X mole fraction

X axial coordinate

Y. Y, ratio of radii, R,/R;, R,/R;

¥y radial coordinate from the wall, R—r

7 activity coefficient

) condensate film thickness

4, = {Ce(Tw)— Ce(TOO)}/{Ce(Tu‘)—" Ce(Tu)}

0 dimensionless temperature, (T—T,.)/ Ty, —T,.)
A latent heat of vaporization

7 dynamic viscosity

Y kinematic viscosity

0 density

¥ viscous stress, Eq. (6.9)

Subscripts

e phase equilibrium

i liquid-vapor interface

m flow averaged value

0 center of channel

00 vapor-flow inlet

r ratio of reference values of the vapor to the liquid
r0 reference values

w wall

1,2 species, 1 =the volatile component
Superscripts

— condensate

* x*=x/(R,S,) wm*=R,Sm v*=R,S.v

1. INTRODUCTION

Film condensation of binary mixtures is one of the most important processes of
heat-and-mass transfer engineering. The number of theoretical and experimental
studies devoted to this problem, however, is rather limited [/ ~ 9], although from the
phenomenological point of view considerable work has been done by Kirschbaum and
others [I0~12)]. This is caused by the complicated mechanism of physical and
chemical processes and the experimental difficulties of the problem.

Theoretical elaboration of the gravity-flow film condensation of a binary mixture
on a cooled, isothermal vertical plate was given by Sparrow and Marschall [2], on the
basis of the conservation laws with an analytical model of boundary layer flows of
the condensate and vapors. With the application of such a method of analysis, Denny
and Jusionis [3] investigated the effect of forced flow on film condensation of binary
mixtures on a vertical flat plate. In these theoretical studies, the conservation equa-
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tions of boundary layer flow are numerically solved for the vapor layer, whereas for
the condensate film the Nusselt assumption of negliginle effects of liquid acceleration
and energy convection is employed. The obtained results show that the heat flux
toward the wall has a marked dependence on the bulk composition of binary mixture
and the overall temperature difference of the system, having a minimum at a certain
bulk composition. Experimental studies concerning film condensation of binary mix-
tures on external bodies have been reported by several investigators, mainly from the
standpoint of heat transfer problems [7, 8].

The problem of film condensation of binary mixtures in a tube is often encountered
in practice, although relatively little work of it appears to have been done. Van Es
and Heertjes [9] studied the channel-flow film condensation of binary mixtures with
a simplified model of vapor and liquid flows, in which the convective transports by
axial flow were neglected. The agreement between their theoretical and experimental
results was only qualitative.

Most of the peculiar phenomena in the condensation of mixtures originate in the
fact the equilibrium concentration in the phases will generally differ for each com-
ponent. Removal of the light component increases or decreases the saturation point
owing to the equilibrium characteristics of the mixture. Due to the concentration
differences, the liquid phase contains less of the volatile (lower boiling) component
than does the vapor. The volatile component of the vapor adjacent to the liquid must
be removed away to supply the material of condensation. Thus, a concentration
gradient should exist between the liquid-vapor interface and the bulk of the vapor.
The volatile component diffuses toward the main stream of the vapor, whereas the
material to be condensed is convectively transferred to the interface. The mass
transfer process controls directly the rate of condensation. The driving force of the
mass transfer is mainly governed by the concentration difference between the interface
and the bulk of vapor which is affected by coupling effects between the heat and mass
transfer processes. In the case of channel flows, due to a sink of vapor at the inter-
face, the mass composition, velocity and temperature of the main stream of vapor are
to be changed appreciably in the flow direction. This is the inherent features of con-
densation of binary mixtures in channel flows different from that of condensation on
external bodies. In the latter, the driving force of the mass transfer is changed only
by the interfacial conditions, whereas in the former it is affected by both conditions
of the interface and the main flow.

The present study is concerned with film condensation of binary mixture flows in a
vertical channel. A binary mixture of vapors, both components of which are con-
densable, is introduced into a channel of variable cross-section to flow downward
(co-current flow) or upward (counter-current flow). The condensate is formed ad-
jacent to the surface of the cooled wall of the channel, being a binary mixture of the
liquid phase, and flows downward along the wall under the action of gravity.

The analytical model employed here consists of a thin liquid-layer flow and an inner
vapor flow of binary mixtures. Both flows are assumed to be steady and laminar,
having an interfacial boundary of infinitesmally thin thickness. At the interface the
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mixture is in the state of liquid-vapor equilibrium. The conditions of transport fluxes
and saturation state at the interface couple the flow fields of liquid and vapor mix-
tures. A fully developed vapor flow at a saturation state corresponding to its tem-
perature and pressure comes into the inlet of the channel. Although the vapor
mixture may locally attain to a supersaturation state owing to the temperature and
pressure variation in the radial and axial directions as it flows in the channel, no
dropwise condensation is assumed to take place in the vapor flow because of its longer
relaxation time compared with that of film condensation. At larger Reynolds num-
bers, the interfacial surface may be agitated by large disturbance waves and ripples.
In addition, liquid droplets are torn off from the crests of the waves and deposited
onto the film. Studies of heat and mass transfer in this highly complex flow have
not yet been undertaken. Although the effects connected with the droplet entrain-
ment are manifold, their magnitude are little understood. In the present study, these
effects are ignored.

Due to appreciable change of flow variables in the radial direction, the governing
equations of boundary-layer flow type are to be solved rigorously by means of finite
difference method at a considerable expense of computer time. Especially for coun-
ter-current flows, extensive iteration is required to achieve the satisfication of the
boundary conditions at both ends of the channel. In a case of binary gravity-flow
film condensation on a vertical flat plate, the integral method to solve such governing
equations is shown not to introduce serious errors into the results of condensation
features [5]. For internal flow condensations, the integral method seems to be more
favorable because of its well-defined integral domain. These facts enable one to use
the integral method for the solution of the vapor fileld which affords considerable
improvement of the computer economy.

The present work deals with film condensation of binary vapor mixture flows in a
vertical circular channel of variable cross-section, using the integral method for the
vapor flow and the Nusselt assumption for the liquid film flow. The effect of the
channel geometry, the vapor flow speed and direction, the temperature difference of
the system, and the type of mixture are studied on the behavior of film condensation.
In Chapter 2 the physical and chemical model employed is described to obtain the
governing equations and their relevant boundary conditions as well as the phase
equilibrium characteristics and the physical properties. In Chapter 3, the method of
solution for the flow system is mentioned.

Concerning the inlet condition of the vapor flow, two types of vapor condition are
considered. First, in Chapters 4 and 5, a saturated binary vapor mixture with a
uniform temperature, hence, a uniform mass fraction is introduced into the channel
with a cooled wall. As the flow proceeds, the effect of the cooled wall, that is, the
condensation on the wall, penetrates gradually into the vapor flow, making the radial
gradient of concentration and temperature decrease at the liquid-vapor interface.
Layers of boundary-layer type are formed of concentration and temperature in this
region, say, the developing region. After the wall effect has penetrated throughout
the vapor flow, say, in the developed region, the radial distribution of concentration
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and temperature tends to be less changed in the flow direction. The film condensa-
tion associated with these flow conditions shows two different features of developing
and developed flows.

When the radial transport of species and energy is sufficiently high compared with
the axial transport, their radial distributions may tend to be of the developed profile
in a short distance from the flow inlet. This is the case for relatively longer channels
or smaller radius channels. The tendency is also promoted with some means em-
ployed such as a preliminary cooling. In chapter 6, under these conditions, the inlet
condition of the binary mixture is assumed to have the quasi-developed profile of
mass fraction and temperature, and effects of the various parameters are studied more
perspectively.

In chapter 7, based on the results obtained in the preceding chapters, the general
features of film condensation of binary mixtures are discussed from the viewpoint of
similarity of the phenomena, and the governing nondimensional parameters are ob-
tained to characterize the condensation process.

2. PnysicaL AND CHEMICAL PROCESS OF FILM CONDENSATION

In the physical situation under consideration, a binary vapor mixture is introduced
into the inlet of a vertical channel of radius R(x) with a fully developed velocity
profile U(r) and at a (uniform) temperature 7,, (Fig. 1). As a general case, the con-
cerning binary mixture can be specified to be at a saturation state corresponding to
its temperature 7, and the inlet pressure P,, having the mass fraction of the volatile
component C,,. The flow configurations are shown in Fig. 2. Downward distances
are measured in terms of the x-coordinate, and radial distances are denoted by r.
The corresponding velocity components are denoted by u and v, respectively. Be-
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Fig. 1. Flow configurations of film condensation.
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tween the inlet and the outlet of the channel, the wall surface is cooled isothermally
at a constant temperature 7. |

Flowing through the channel, the vapor condenses outo the surface of the cooled
wall. The vapor mixture has the velocity u(x,r), v(x,r), the temperature T(x,r),
and the mass fraction of the volatile component C(x,r). The condensate flows
downward under the action of gravity force to form a thin liquid layer of thickness
d(x). The liquid mixture in the film has the velocity u(x, r), 0(x, r), the temperature
T(x, r), and the mass fraction of the volatile component C(x, r), where the superscript
(7)) refers to the liquid mixture. The condensate film flow is affected additionally
by the viscous force of the vapor flow to be accelerated or decelerated owing to the
vapor flow direction. Between the condensate and the vapor, there is no relaxation
layer assumed from the vapor phase to liquid phase. The interface has thus an in-
finitesimally thin thickness, and the mixtures are in equilibrium state corresponding
to the interfacial temperature 7, and the pressure p. The mass fraction of the volatile
component at the interface is denoted by C, for the vapor phase and C, for the liquid
phase.

2.1 Governing Equations of Mixture Flows

Because of thin thickness of the liquid film, the variation of flow variables is highly
strong across the film compared with that in the axial direction. To account for the
transports of species, momentum and energy in the liquid mixture, the governing
equation of boundary-layer type can be employed. In the vapor mixture, the diffu-
sive transports in the flow direction are also less effective in comparision with those
in the axial direction except for the very short region close to the starting point of
condensate flow. Thus, for both flows of the vapor mixture and the condensate, the
equations governing conservation of mass, momentum, species and energy are ex-
pressed as those of boundary-layer type (Appendix A).

From the fluid-dynamical point of view, it is usefull to express the flow variables
in a nondimensional form referred to their appropriate reference values as

9,
¢7‘0 ¢

where ¢,, is the reference value of the flow variable ¢. In such a nondimensional
form, the governing equations are

0 1 o
g Ballh =0 2.1
o (pu)+ e (rpv) (2.1)
0 1 0 1 dp , Gr 1 1 0 ( ou >
— —_—\r = — —_— 22
0x (ou) + r ar( ovu) M: dx + R3p+ R, r or T or (2.2
0 1 o 1 0 ( ) )

—(puC)+ — — )= — ~ (rpD—— 2.3

0x (ouC)+ r or (rpvC) R, S. r or e or (2.3)
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where p is the density, p the pressure, C the mass fraction of the volatile conponent,
h the enthalpy, g the acceleration of gravity, p the dynamic coefficient of viscosity, &
the thermal conductivity, and D the coefficient of binary diffusion. The second-order
effects of thermal diffusion, viscous dissipation and compressible heating are neglected.
The pressure is assumed constant across the cross-section due to the assumption of
boundary-layer type flow. The nondimensional temperature 6 is defined by

A=T
Tw—T

w

0=

(2.5)

In Eq. (2.4), ¢, is the specific heat at constant pressure defined as

v . ’_
c,=Cc,;+ Cicpo Cp=Cpi=—Cpo

where the subscript 1 means the volatile component. The last term on the right hand
side of Eq. (2.4) implies energy transport due to the diffusion of species of differing
specific heats.

In the above equations, the following properties are chosen as the reference;

RO UO(J TOO - Tv: PO
[OrO /ver krO Cp r0 DTO

00 o ko Cpro D,

where R, is the radius of the channel at the flow inlet, U, the center velocity of the
vapor mixture at the inlet, T;, the vapor temperature at the inlet, 7, the wall tem-
perature. The reference properties for the vapor mixture and the liquid mixture may
be evaluated at the state of the inlet flow and the state of the wall temperature,
respectively.

The concerning dimensionless parameters relevant to these properties are defined
as follows.

R= Ul p o g pn G 8RO
Yro ko 00D Vi
R — UnRo Pt s o G _ 8RN
}:TO krO pTODTO };30 (2 6)
M _(pm,l_{ég)’“ M- ( B0 U )/ <
’ P, ‘ P,
pr=-E£ pp=-t k= Ko c, =r
Oro P k,o Chro

where v is the kinematic viscosity (=p/p), R, the Reynolds number, P, the Prandtl
number, S, the Schmidt number, G, the Grashof number, M, the Mach number.
For turbulent flows, the coefficients of molecular diffusive transports can be re-
placed formally by those of turbulent transports to obtain the governing equations
in the same form (see Chap. 6). However, the turbulent transport coefficients are
not well predicted for the flow under consideration. In addition, the assumptions
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employed such as no droplet flow and no wavy interface are to be suspicious. By
these reasons, most parts of the present study concern laminar flows of vapor mixture
as well as liquid mixture.

2.2  Boundary Conditions of Mixture Flows

At the flow inlet, x=0 for co-current flows, x=L for counter-current flows, the
vapor mixture has a fully developed velocity profile with a uniform temperature 7j,
and a saturated mass fraction C,,, which can be expressed as

u=1-—r?
6=1 2.7
C= Coo(Tow Po)

where the velocity is nondimensinalized by the center velocity of the vapor mixture
at the inlet U,,.

The surface of the channel wall is cooled isothermally at a constant temperature
T.(<T,) between x=0 and x=L. Film condensation starts at x=0 with zero film
thickness,

3(0)=0 (2.8)

This means that the wall surface preceding the cooled one (x<{0) should be kept at
the same temperature as the vapor. As the transition layer from the vapor phase to
the liquid phase, an interface between the liquid and vapor flows with an infinitesmall
thickness is assumed at

r=R—06=R, 2.9)

At the interface, the non-slip condition of axial velocity and temperature gives

=
I

U, (2.10)
=40, (2.11)

D
o~

The transport fluxes of mass, momentum, species and energy from the vapor to the
interface must be equal to those passing from the interface to the liquid. The con-
tinuity of transport fluxes at the interface can be written as follows (Appendix B).

et e Y
prpv udx =1 udx S (2.12)
1 {_a_a} z{ ﬂ} 2.13
L Fox S Wax S (2.13)
{mé— 1 (pﬁ E)C)} ::{mC— 1 (ppﬁ_g)} —m,  (2.14)

o-R.S, or /)i R.S, or /Ji

-aé} { ae} o, RP, .. P, { _—aé}

_ROON g [ 90 _ a—-Fr fa—pp2CY (215
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where H,, the Stefan number, is defined as

EprO(TOO_ Tu')

H,=
27"0

(2.16)

The condensation rate of the vapor mixture per unit area of the interface 7 and
the condensation rate of the volatile component per unit area of the interface #:, are
nondimensionalized by p,,Uy;

M s

Pro Uy Or0 Uy

c

The latent heat of vaporization of the mixture based on the liquid state 4 is defined as
Z:EIRI+5222 (2.].7)

where 4, is the latent heat of vaporization of species i,

In addition, the condition of thermodynamic equilibrium at the interface specifies
the definite mass fractions of the component vapors and condensed liquids corre-
sponding to the interfacial temperature and pressure,

C;=C/T;,p) (2.18)
C,=C/T;,p) (2.19)

The last two equations envolve additional characteristic properties which specify the
phase equilibrium (see Eq. 2.24). This fact deteriorates the usefullness of similarity
treatment with the dimensionless parameter. Nevertheless, such a dimensionless
treatment could be worthwhile to decuce general informations from the systems which
are able to be locally similar in the phase equilibrium (see Chapter 7).

The set of these differential equations subject to the boundary conditions at the
flow inlet, the wall and the interface provides the solution of film condensation of
binary mixture flows in a circular channel. The equations contain thermophysical
properties of vapor and liquid mixtures. The evaluation of the relevant thermody-
namic and transport properties are to be discussed.

2.4 Phase Equilibrium of Binary Mixtures

For a multicomponent, multiphase system in equilibrium, the chemical potential
of each component must be the same in each phase in addition to equality of the
temperature and pressure. This condition is expressed by equality of fugacities

S(=r X fo)s
fiyifOizTin‘ﬁn

where f;, is the fugacity at the system temperature and pressure, y, the activity coef-
ficient and X, the mole fraction of species i. In terms of the fugacity coefficient ¢, =
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7.fo:/p Which is unity for the vapor to behave ideally, these relations can be written as
7:X, for= . X;p

The fugacity of species i at the system temperature and pressure is obtainable from
the value at its own vapor pressure p,;,

f_Osi == ¢sips1'

with the pressure dependence

) = V
o (Inf) BT
where V' is the molar volume and & the universal gas constant. With the assumption

that the liquid molar volume is independent of pressure, the fugacity can be obtained
as

for==0sDs: €Xp {EZT(P _psi)}

Hence, the equilibrium conditions for binary mixtures are expressed as

Vi . -
Ay, pn-)} (i=1,2)

6 X;p= Tiyiqssipsi CxXp {

For the binary mixtures under consideration in the present study, these equations can
be well approximated by

X, p= TiYiPsi (2.20)

The activity coefficients for completely miscible binary mixtures are given by the
Van Laar equations or the Margules equations. Values of the emprical constants
which are involved in these equations are given by Hala et al. [/3] for many mixtures
at pressures up to 1 atm. They chose values of the constants to give minimum mean
errors in prediction of equilibrium concentrations. In the present study, the Van
Laar equations are used to obtain the liquid-phase activity coefficients;

AlZ . AZl

log 7, = S 1 - S
BT U U A)XIX 2 U (A A (X X

(2.21)

The constants A,, and A,, are selected from the data by HA4l4 et al. and shown in
Table 1. Their dependency on the pressure, temperature and concentrations are
ignored. The vapor pressure of pure component can be given by Antoine equation
in the form of

B.

: (i=1,2) (2.22)

10 si:Ai_
gp TrC,

The constants 4;, B; and C, are also presented in Table 1 [13].
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TaBLE 1. Liquid—vapor equilibrium

(a) Activity coefficients

log prm o ArXe log o= AnXy®

T (Xad1e/ A+ Xo)? ST (XaAn/ A+ X0)?

Species 1—2 ! A, A

Ethanol—water 0. 7236 0.3818
Methanol—water ‘ 0. 3625 0.2418
Methanol—ethanol —0.0201 1.2664
Hexane—benzene 0.2704 0.1290
Acetone—water 0. 9050 0. 6161

(b) Pure—component vapor pressure

B .
log psi=A i—7+7“c,i (p: mmHg, T: K)

Species A@ Bl Cz Tb (1 atm)
Water 7.96681 1668.210 —45.16 100.0°C
Ethanol } 8.16290 1623.220 —44.18 78.3
Methanol l 8.07246 1574.990 —34,29 64.7
Hexane i 6.87776  1171.530 —48.78 68.7
Benzene 6.90565 1211.033 —52.36 80.1

Acetone 7.23967  1279.870 —35.65 56.2

Combining Eq. (2.20) with Eqs. (2.21) and (2.22) and with the relation
X +X.=1 X+ X,=1 (2.23)
gives the equilibrium concentrations of the component vapors and liquids correspond-
ing to the specified pressure and temperature;

Y= PT:Pe_ x ! (2.24)

1 o

T1Ps1—72Pse 1 +(772/771)(ps2/ps1)(1‘72/y1)7

-

The conversion from mole fraction to mass fraction is

C— MY o MX (2.25)
M, X, + M,X, M X, + MX,

where M, is the molecular weight of species i.
In order to deal with binary mixtures of different liquid-vapor equilibrium diagrams,
the following systems of species combination are considered,
ethanol-water
methanol-water
acetone-water
methanol-ethanol
hexane-benzene
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Fic. 3. Liquid-vapor equilibrium diagrams for binary mixtures at one
atmosphere ; ethanol-water (E-W), methanol-water (M-W), acetone-
water (A-W), methanol-ethanol YM-E) and hexane-benzene (H-B).

where the first species is the more volatile component and the mass fraction denoted
by C is refered to this component. Equilibrium diagrams calculated by Eq. (2.24)
are shown in Fig. 3 for these combinations of species.

2. PHYSICAL PROPERTIES OF BINARY MIXTURES

Viscosity, thermal conductivity and binary diffusion coefficient of binary mixtures
can be predicted by the way recommended by Bretsznajder [I4]. Density, specific
heat and latent heat of vaporization also are expressed in terms of the value of pure
component. Values of transport and physical properties for pure component are
taken from sources in Ref. 15 and fitted algebraically within the temperature range
between the boiling temperatures of mixture components at 1 atm. as shown in Tables
2 and 3.

Viscosity For the vapor, the mixture viscosity is evaluated by Wilke’s rule,

_ M e 2.26
# 1+(x1/x2)¢12 + 1+(x2/x1)¢21 ( )
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where

{4 () (M MY
24/ 2 (1+ M,/ M,)">

— {1+ (IUZ/M)M(MI/Mz)O'%}Z

& 2V 2 (L M,/ M)

¢21

The pure component viscosity y; is calculated by the Sutherland equation,

T,+C T\
Hi == Hao ;10_:—(? o ( T ) (2.27)
s 20

where y,, is the viscosity at temperature 7, and C,; the Sutherland constants.
For the liquid, the mixture viscosity is estimated by Arrhenius-Kendall equation

log #=X, log ,+ X, log sz, (2.28)

where the pure component viscosity of liquid is given by Girifalco equation

logp, =% 4 Py 2.29
N (2.29)
or by the Thorpe-Rodger’s equation
g, = Ii 2.29
i a;T*+p,T+1 (2.29)

Thermal conducticity For the vapor mixture, the thermal conductivity is estimated
by the principle of additivity

k= Xk, + Xk, (2.30)

where the thermal conductivity of pure component is given by the Sutherland’s equa-
tion

/
k= kLot Cac ( T )32 2.31)
T+ Csi EO

where k,, is the thermal conductivity at 7= T},.
For the liquid mixture, the thermal conductivity is predicted by Filippov and
Novoselova’s emprical equation

k=Ck,+C,k,—0.72C,Cylk,— k)  (k,>k,) (2.32)

The pure component thermal conductivity k; is given by the Weber equation
_ _ = \4/3
ko= L) (2.33)
Pio

where k,, and p,, are the thermal conductivity and the density at 7= T,, respectively.
Binary diffusion coefficient For the vapor, the binary diffusion coefficient is ob-
tained by Arnold’s equation which is a modified Suthrland’s equation
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0.008377" ( M,+ M, )1/2

SO . (2.34)
PP+ VIENT+FVC,Cy) \ MM,

where V,; is the molar volume at the normal boiling point and F is a function of
Vyo/ Vi, taken values of 1.0~0.9 for V,,/V,;=1~5. In the present study with the
Nusselt assumption of the liquid film flow, there is no need of the binary diffusion
coefficient for the liquid mixture as mentioned later.

Density For the vapor mixture, the density is given by the Gibbs-Dalton law
which assumes ideal gas behavior,

G, C, )
— AT 2.35
p=e ( M, M, (235
The density of liquid mixture is given by
ral al -1
p— ( Gy %) (2.36)
01 1%

where the pure component density is estimated by the algebraic equation of temper-
ature

p,=a,T*+b,T+ec, (2.37)

Specific heat For both phases of vapor and liquid, the specific heat of mixture at
constant pressure is predicted by the additive rule

c,=Cicp+Cicpy (2.38)
¢,=CCp+Cylps (2.39)
The specific heats of pure component are expressed by
cpy=a,,I*+b,;T+c, (2.40)
Cpi=a,1*+b,T+e,, (2.41)

Latent heat of vaporization The latent heat of vaporization for binary mixture
can be expressed as

A=Ca,+Coa,+h,—h, (2.42)

where 2, is the latent heat of vaporization of pure component and /4, the heat of
solution. By virture of the Clasius-Clapayron relation of the pure-component vapor
pressure, the latent heat of the pure component is given by Eq. (2.22) as

d AB,
2,=2T*% (np,)=—__ -7 2.43
dT( Dsi) (2.43)

(Fc Ty
The heat of solution for binary mixtures is obtained by

h,=xh,, + x;h,, (2.44)
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where 4., is given by using the activity coefficient as

By — —gr2{%(1n n)} (2.45)

Dy Xi

The contribution of the heat of solution to the specific heat of mixture is then

oh,, oh,
Co=X; —L 4 x,— 52 2.46
TR (2.46)
which is negligibly small for the present case. The difference between heats of solu-
tion for the vapor and liquid mixtures is given approximately by

h—h,— —RT(X,In7,+X,In7) (2.47)

of which value is of the order less than 5% of the overall latent heat for the present
case.

Reference temperature and concentration In the following chapters, the physical
properties involved in the governing equations are evaluated at an appropriate re-
ference state to be regarded as constant across the channel. As for such a reference
state, although a definitive recommandation is not available, the arithmetic mean state
of the center and the interface is chosen for the vapor flow; that is, the properties are
evaluated at

T— %(Tmu T) c=-}2~(co+ci) (2.48)

For the liquid properties, on the basis of Ref. 2, the reference state is taken as

T— Tw+%(Ti—Tw) c =€w+§a—cw) (2.49)

3. METHOD OF SOLUTION

The set of governing equations described in the preceding chapter may be solved
by means of finite difference methods. However, a significant difficulty remains in
the inevitable requirement of extensive computation for such numerical solutions.
Fortunately for practical values of liquid flow parameters, it has been found that the
convection terms in the conservation equations play a negligible role. Hence, the so-
called Nusselt solution can be used for the liquid film flow. From the practical point
of view, not detailed informations about the distribution of vapor flow variables but
their integrated values at the boundaries are much interested. For this purpose,
solutions of the system equations can be examined with the integral method by as-
suming appropriate distribution profiles for the vapor flow variables.

3.1 Liquid Film Flow
As noted later, the Reynolds number of the liquid film flow based on the liquid
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volocity at the film surface and the film thickness, u;6/p, takes values less than 10~*
for practical flow properties. This means that the convection term has little effect
on the conservation equations to be ignored. Because little change in fluid properties
is expected across the thin film, they are evaluated at a reference state of temperature
and concentration and regarded as constant within the film. By neglecting the con-
vection terms and introducing constant properties and a new coordinate

y=R—r (3.1
Egs. (2.1) to (2.4) are reduced to
ou _ 9v _ (3.2)
ox  dy
R, dp  G,_ 0o
_A;,_?_‘_ “:L - :0 3.3
7 ax TR oy (3-3)
-
€ o (3.4)
0"
- 0% P, __,~0C a0
k +25e.D =0 3.5
3 5.7 " 5y oy G3-5)

These equations are subject to the boundary conditions at the wall, y=0

S|

i=0=0

—0 9 _ (3.6)
oy

]|

and at the interface, y=4

i

N

i

The wall surface is assumed to be impermeable to both components of the mixture.
Equations (3.2) to (3.7) yield the following analytical solutions for the velocity, mass
fraction and temperature of the condensate flow.

__ & (R, dp _ G,_>{(_y_>2_1} 7,2 3.8

“ 2;2(Mf e ROING) TG oY

s [’ 92 4, (3.9)
0 0x

c_c, (3.10)

5=9¢2}- 3.11
> (3.11)

where ¢ is the thickness of the condensate film. It is seen from Eq. (3.10) that the
mass fraction is uniformly distributed across the film.
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3.2 Integral Method for the Vapor Flow

Integration of Egs. (2.1) to (2.4) with respect to r from the center of the channel
(r=0) to the interface (r=R;) provides the following conservation equations in the
integral form.

d [® .
P jo ourdr 4 m*R,—0 (.12)
d F«s . IR( 1 dp . G,S ) ( 8u)
. rdr * R;= — re dr+ S, R;| p—— 3.13
dx* 0 (Ouu +m U R 0 Mcz dx* + Re Y r l"—*}— s\ K ar ; ( )
R
dj* La puCrdr+n'1*Cl.R5_—_RB<pD gf ) (3.14)

d_[* : S. 36 %, 8C 36
L L pue,Ordr+i*c,0, R, =S R(,< a_r)i+f0 pesD2C Y rar - (3.15)

r

where

x* = R"S m*=R, S,  v¥=R,S,v (3.16)

These quantities are obtained by inspecting into the governing equations and their
boundary conditions, being x, 7z and v nodimensionalized by Uy,R}/D,, p,D,/R, and
D,/ R,, respectively.

The boundary conditions, Egs. (2.12) to (2.15), with the solution for the liquid film
flow, Egs. (3.8) to (3.11), are reduced to

o) ) o
prpv udx* =Pl udx* = 3.17)
i( R, dp_@_) M <ﬂ) 3.18
\Grrs, o R T H\For ) (3.18)
*C, =t Cy— (wﬂ) (3.19)

or /i
E—et—kk,(kﬂ) :_.&Bﬁfz,m* 1 (3.20)

5 or/i HR,S,

The vapor mixture has a uniform distribution of temperature and concentration in
the radial direction at the flow inlet. As the mixture proceeds along the cooled wall,
the effect of condensation penetrates gradually into the center of the flow, forming a
boundary-layer of concentration and temperature. In this layer the radial distribu-
tion of mass fraction and temperature may be assumed to be of a parabolic profile
for the purpose of the integral method;
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G, 0<r<R,
Tlar@e—ao(=R )RR,
R;—R,
(3.21)
00 0<r<Rt
= —Rz 2
00+(6i_00)(ﬁ) R, <r<R,

R. and R, may be called as the radius of the concentration and temperature layer,
respectively; R,— R, and R,— R, are the thickness of the layers. The mass fraction
and temperature at the center, C, and 6,, are kept unchanged until the layer reaches
the center, say, in the developing region (R,>0, R,>>0). Beyond the distance at
which the layer extends throughout the cross-section of the flow passage, say, in the
developed region (R,=0, R,=0), they are forced to change in the flow direction. In
the developing region

Rc:Rc(x)>O C0:C00

(3.22)
R,=R,(x)>0 0o =04,

and in the developed region

Rc:() C():CO(X)

(3.23)
R,=0 by =0,(x)

Corresponding to Eq. (3.21), the radial distribution of velocity may be assumed
as

= 11y + (1t — uo)(;>2 (3.24)

where at the flow inlet
u,=1 u,=0 (3.25)

With this radial distribution of velocity, mass fraction and temperature, the in-
tegrals in Eqs. (3.12) to (3.15) are expressed in terms of their values at the center and
the interface, if the involved physical properties are evaluated at an approximate re-
ference state as constant across the vapor flow. Then, Eqgs. (3.12) to (3.15) are re-
duced to ordinary differential equations with respect to x. The resulted ordinary
equations provide the axial change of characteristic flow variables; R., R,, u, and p
in the developing region, and C,, 6,, 4, and p in the developed region.

The integral equation of concentration, Eq. (3.14), with the mass fraction profile,
Eq. (3.21), determines the radius of the concentration layer R, for the developing flow
and the mass fraction at the center C, for the developed flow.

R,: By using the continuity equation Eq. (3.11) and the relation

R R R r_R
J uCrdr:J‘ uCordr—i—J (C,— Co)(—~—-c
0 Ry R

0

2
) urdr

9 (4

This document is provided by JAXA.



312 S. Kotake

Eq. (3.14) can be reduced to

d J' oC, CO)(R—-RR )urdr—}—m*(C —C)R,=R, (pD%C—)i (3.26)

The integral on the left hand side is written as

IR" (i) urdr = Rz{
R,—R

where

“i(y,

y,— R (3.27)

Hence, Eq. (3.26) becomes

al 5" 2 5 i

C,—Cy)R} = Y. —DXY2+4Y,+5)— 24+2Y,—3

e ol OR; 0 ( (Y7 +4Y.+5) o et )
:(Ci—C0)< 2pl; _m*Ra) (3.28)

from which R, is obtainable.
C,: Egs. (3.14) and (3.21) with R,=0 give
d —

o [ 2 +ui)C0+(uo—|—2ui)Ci}] — _m*C,R, (3.29)

which determines the axial change in C,.

Similarly, the integral equation of energy, Eq. (3.15), with the temperature profile,
Eq. (3.21), gives the radius of the temperature layer R, for the developing flow and
the temperature at the center 4, for the developed flow.

R,: With the continuity equation Eq. (3.12) and the relation

Ija ué’rdr_‘[:z uﬂordr—{—f 6,— 00)(m—>2urdr
Eq. (3.15) becomes
e I pc,(0,— 00)( R, _1; >urdr+m c(0;—6,)R,;
<k 90 +J E a_”rdr (3.30)

The integrals involved are expressed as

JR& <i> urdr_Rz{ Uo—U; (y,
R;—R 60
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JRaﬁg—aQrdr—MC co)(ei—oo)( 11— 11; )

R, Or Or — Y,
JTY-7r. { Y, 1 —¢* l1—¢® } { Y, I —g® 1—¢* }]
[I—YC 1-7, 2 + 3 + 1—-7Y, 3 + 4
=(C,—C)0,—06,)S,.
where
Y, = 2’ (3.31)
]
0 <R,
7= };c—;/t c> t
— £y
Then, Eq. (3.30) is rewritten as
S [ R A A A R e )]
dx 12
S 2k 2ok 14
=(0,—0,)R,; P R—R, —mvc, +pCpD(Ci_ Co)(6,—0.)S,. (3.32)

r

which gives the axial change of R,,
6,: Eqgs. (3.15) and (3.21) with R,=0 lead to

{ .
é*' [—%R?{(zuo +u,)0,+ (uy+ 2ui)0i}J
_R"{ 21}5 ” R, e, }+P%D(C1—Co)(0i—t?o) (3.33)

which determines the temperature at the center §,.
u,: The integral equation of continuity Eq. (3.12) with the velocity profile Eq.
(3.24) gives the axial velocity at the center u,,

L o, (umn e o) | =
— R u u—p, A 0 TEg) =0 3.34
dx* [ el R “ 2 R; (3-34)

which is subject to the boundary condition that u,=1 at x*=0 for co-current flows
or at x*=L/(R,S,) for counter-current flows.

p: The axial change of the pressure can be calculated by the integral equation of
motion Eq. (3.13) with the velocity profile Eq. (3.24),

5\ R dp _ GRS, (
| I WA T O
< * ) M dx* 2R? +0

{ L R+ upu, + 1 )} (

_d
dx*

?\) (3.35)
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of which boundary condition is p=1 at x* =0 for co-current flows or at x*=L/(R,S,)
for counter-current flows.

u;: The continuity condition of shearing stress at the interface Eq. (3.18) with Eq.
(3.24) gives the interfacial velocity,

5) 5((‘;_ R dp) u
I ‘ 2 2 3.36
(+ m R )T 2a R T GRS, av ) T R 339

6,: The interfacial temperature is given by the continuity of energy flux at the in-
terface Eq. (3.20)

0i<1+2kr£—§——)=2k k0 g4 oRP 250 (539

k R,—R, "k R,—R, H.R,S, k

C,, C,: The mass fractions at the interface are obtained by the phase equilibrium
Eqgs. (2.20) to (2.24) corresponding to the interfacial temperature.

m*: The mass flux of the condensate or the condensation rate per unit area of
the interface #i7* is expressed by the continuity condition of mass, species and energy,
Egs. (3.17), (3.19) and (3.20), respectively;

. 1 d [ { o° (G _ R, dp > 0 }]

* R Ny 3.38
TR, a LT3\ R, T MRS, dx* et P ]
it —_ 20D Ci— Gy (3.39)

Ra_Rc Ci_ci

-*=_H’eR_e_§c_i{£0. kK o _p } 3.40

m pTRePT 2 5 1,+ r RB—Rz ( i 0) ( . )

These expressions relate the condensation rate to the velocities, mass fractions and
temperatures at the center and the interface, respectively.
d: The film thickness can be obtained by solving Eq. (3.38) with Eq. (3.40),

d[{p( R: dp)3 R 544 Yo }]
5 4 Rl P (65— 54, R gL o
i LG\ 9P Tamres, ae )0 TN R,
_ H,RS, R{ }
HRS. R, [Fo 4ok k(0,—0)—0 — 3.41
RS B fko. 2k k0.~ 00 50 (3.41)

r

which is subject to the boundary condition §=0 at x*=0. It should be noted that,
when u,=0, dp/dx=0 and 6,=6,, Eqs. (3.41) leads to the classical Nusselt solution,

/4
%=< (_;453[ e ) (342

rii¥, g: The condensation rate of the volatile component #2,* and the heat flux ¢
per unit area of the interface are given by

vk —m*C, (3.43)
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(3.44)

where m2¥ and ¢ are nondimensionalized by p,U,/(R,S.)=p,D,/R, and k(T,,— T.,)/R,,
respectively.

The set of this ordinary differential equations coupled with the flow variables at the
interface provides the solution of the film condensation of binary mixtures in a cir-
cular channel. The equations require the starting conditions at x=0 for co-current
flows or at x=L for counter-current flows where they tend to have some singular
solutions. Because of the assumption of boundary layer type flow, the validity of
the equations deteriorates very close to the starting point of condensation. To solve
the equations, such singularities must be appropriately manipulated, although they
have not a considerable influence on the behavior of condensation far from the start-
ing point.

4. Co-CcURRENT FLow FiLM CONDENSATION

The vapor mixture of binary components is introduced downward into a vertical
circular channel, having a uniform temperature 7,, and an uniform mass fraction of
the volatile component C,, (Fig. 2-a). Ahead of the cooled wall, the channel has a
wall kept at temperature T, and from the point x=0 the wall is cooled isothermally
at a constant temperature 7,,. Film condensation starts at x=0, and the condensate
flows downward along the wall, forming a thin liquid layer. At the interface between
the liquid and the vapor, the fluids are in equilibrium state corresponding to the local
temperature and pressure. The vapor-flow forms a boundary-layer type flow along
the interface. At the point x=0, the governing equations have a singularity due to
6 =0 which makes it difficult to proceed in a direct numerical computation of the
equations. To deal with such a singularity, the behavior of solutions close to the
starting point must be examined. Using the result as the starting condition, the
numerical computation can start into run.

4.1 Behavior of Solutions Close to the Flow Inlet

From Egs. (3.39) and (3.40), it is seen that the condensation rate and the heat fluxes
from the vapor to the interface and from the interface to the liquid go to infinity at
the point x=0 where (R;—R,), (R;—R,) and ¢ tend to zero. However, if these
singularities are of the same order, definite solutions can be expected close to x=0.

Conservation equations of species and energy, Egs. (3.28) and (3.32) are rewritten
as, respectively,

| 1 d

i ~0

(1= YV +3Y246Y 10— 20D

— W*R, 4.1

c
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1 1 d
60 T g oo RO~ (1~ Y (Y2 4Y 49
/7
fu(l— Y)Y?+3Y2+6Y,+10)] = f, lzky —rit*e, R+ ;"'plz S. (4.2)
r — 4 1= Yo

Close to x=0, the radii of concentration and temperature layers can be assumed to
take the following form,

Y,=—¢=1—ax*" Y ="t =1—aqx*™ 4.3
R =R . (4.3)

With Eq. (4.3), Eqgs. (4.1) and (4.2) yield

naCX*n—l(acx*nuo—*'ui)
3 ( 20D 2pD ci—co)_ax*n du,

- oR: X*T ax*" C,—C, dx*
— { 3 (a, x*"Yu,+a,x*"u } dd {oR}(C;— Cy)} 4.4
ma,x*™ " (a,x* " uy+uy)
_ 3 (Sc 2% _ 2oD Ci—Co)_ax*m du,
pc, e \ P, ax*™ ax*" C,—C, ‘ dx*

—{ Fa Y ut ax ) in (o, RO~ O+ Sl (4.5)

where S], means the contribution from the term of S,,. As x*—0, predominant
terms in these equations lead to

nadix** -y, = 6pD (1———Ci_€°> (4.6)
Madx*m =y, = 6k (Sc __pD Ci_go a, x*m—n) 4.7
pc,R; \ P, k C,—C, a,

From the inspection into the above equations, one obtains

1

Mm=n=_— 4.8

3 (4.8)

@@= 180D Co—C; _ g C—C, (4.9)
oRw, C—C,  C.—C,

&= 18k (Sc_ oD C,—C, 05)218<SC_C1-—C0 at) (4.10)
oc,Rju, \ P, k C,—C, a, a

By assuming the liquid film thickness as

5 =a,x*! 4.11)
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Eq. (3.41) is reduced to
de*  x*/\ 3\ " MZ2R,S. dx*
d 2/ © R,
(e ) )
H,R,S. R, {— k a -
=__T¢e¢ e7c k0i+2kr_ 0i_0 o ywt m} 4.12
R R,,( o) t (4.12)
For x*—0, the above equation gives
=1 (4.13)
3
2 . ( © > H,R,S. R, { }
“a oRu k6,4 2k, 4.14
3O\t R )= e T VT o) @19
The growth rate of film thickness is then given by
3 HRS 4.15)
2 y,R P
The interfacial temperature can be obtained by Eq. (3.37),
6,= 2p, P, a, Ei—go (4.16)
HS, a C,—C,
The interfacial velocity is given by Eq. (3.36),
u;=2p,a,x*""° 4.17)
The condensation rate is given by Eq. (3.39)
1/3
m*:( 4 ) C—G (C —C ) (4.18)
9x*) C,—C, \ C,—C,

From Egs. (4.9), (4.15) to (4.17), one obtains the following solution close to the

flow inlet;
0= L B =G (G C)
N3 gs ¢, —C,\ ¢,—C
3 C,—C, { C,—C, \* 1/3
ul_Z\/,,{ 3 & J’( : _°--> x*}
i 2 Ci-—ci CO_C‘L
5_ p,,. {\/T C’L_CL( Ci_CO»m)l/ZX*)l/Ii
*‘Lj E_ Ci_éi Cz_éz
al 1/3
Rc=1—<18 Go gix*
C,—C,

(4.19)

(4.20)

(4.21)

(4.22)
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thl—[ 18S, {1_ Ci—go (Pr )2/3}x*]l/3 (4.23)
C,—C

4.2 Numerical Procedures

The system condition is specified by

Uy,: the inlet flow velocity at the center,
Ty: the inlet flow temperature,
P,: the inlet flow pressure,
T,: the colled-wall temperature,
R(x): the channel geometry, and
the type of binary mixture.

The composition of the incoming mixture flow is determined by the equilibrium con-
dition corresponding to the inlet flow temperature. With these specified values, the
relevant dimensionless parameters are evaluated. For this purpose, it is practical to
use physical properties evaluated at T, for the vapor and at 7, for the liquid.

The results obtained in the preceding section give the starting condition at a certain
point close to x=0. Then, the ordinary differential equations coupled with the
boundary conditions at the interface are solved by means of finite difference method
with respect to the flow direction. Because of nonlinear coupling of flow variables,
an iterative procedure is required at each axial marching step. From the view-point
of numerical technique, the iteration at each axial step is not always necessary.
However, when the iteration is not employed, excessively small marching steps are
required to obtain sufficient accurate solutions. Once a sufficient convergence of
iteration is established, the numerical solution is advanced axially step by step.

For the computational purpose, it is convenient to express the radius of the con-
centration layer by Eq. (3.28) as

60 J " Adx* ”

0 U; 2

Y.=1-— —— (1—Y)(Y.+3) 4.24)
(Wy—u)(Y:+4Y,+5) P(Ci —C)R; 12

A,_,E(Ci—CO){2pD—n'1*R,,(I —Y)+B, ZYC }

x>l<

Bz pR{ Yo (Y — LYY+ 4Y 4 )+ (1= V(Y4 3))

and the radius of the temperature layer by Eq. (3.32) as

60 J x*Ade* .
Y,=1— ( 0 — (1= Y)Y, +3) (4.25)
u(,—

u)(Y;+4Y,+5 \ pc,(6,—0)R; 12
_ s. . av,
A,=(0,—0) {2k t0¢.DS,(1— Y})—ri*c,R(1— Y,) +B,
P dx*

r
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B£:(0C R%{—uo_u
=pC, K

Y= DY A+ (= Y)Y+ D)
60 12
When these radii go to zero, the mass fraction and temperature at the center of the

channel are forced to change in the axial direction. The mass fraction C, is given by
Eq. (3.29),

”i% R{Quty+ 1) Co+ (uy+2u,) C )

|- ’iCuA G+ 2u)cy| [ mrcraxt @26

s
Teo

where xJ is the axial distance at which R,=0. The temperature ¢, is obtained by Eq.
(3.33).

“;Czprg{(quO ~+u;)0 + (uy+2u,)0,}

= [,%p, R{(2uy~+ 1), + (1, + 2uz-)6f}]

€3
Lo

+ J‘x* { 2f)SC (0;—0,) —rir*c,0,R;— pc ,DRY(C;— C,)(0; — 00)}61)6* 4.27)

where x5 is the axial distance at which R,=0.
The center velocity u, is calculated by Eq. (3.34),

, 00 5 .
Rg[jfp(uﬁuiwg&{zui—pr " w—w)f| =L @2m)

and the film thickness 0 is given by Eq. (3.41),

_&R<(—;f_# R ﬁ@)}a‘* ( R“ﬁiu5)52
{3/2 i MZR,S, dx* A ep;z R, "

= H.R,S, R, (- 6,—0 s
_ (T HRS. Ry (py o o k5 0 L) Ba#}d * (429
L{ P, 2 ( * R R, )T By 429

r é t

where

D = R; dp s_p R .
B -_—{‘OR(G, —_ L¥.7>}53+( Rt =y a)a
T 3s N T MRS, dx* el TR,

The velocity and temperature at the interface are given by Eqs. (3.36) and (3.37),
respectively,

8 & (G, R dp w0
{142 r_Fi_‘M):v( L P S 4 ) 2,
uz( + 2 R - 0 +2u + R

- u,  (4.30)

8

k6 k5 o, R.P, 25
ei(1 2k71_“>=2k,f 0,4 LR, 26 (43
T R,—R, kK R,—R, ot HR,S, k , (431)
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Fic. 4. Flow chart of numerical procedure.

The axial change in the pressure is calculated by Eq. (3.35), and the mass fractions at
the interface are given by Egs. (2.20) to (2.25). Finally, the condensation rate and
the heat flux are obtainable by Eqgs. (3.39) and (3.44), respectively.

.R‘;'—.Rc Cz—éz

(4.32)

(4.33)

A detailed description of the overall numerical procedure is given in Appendix C
and graphically shown in Fig. 4.

4.3 Results and Discussions

By employing the forgoing physical model and analytical method, the behavior of
film condensation of binary mixture flows in a vertical channel having an isothermally
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cooled wall is studied for vapor mixtures of ethanol-water, methanol-water, acetone-
water, methanol-ethanol, and hexane-benzene. Effects of the channel geometry, the
vapor flow speed and direction, the temperature of the vapor and the cooled wall,
and the type of binary mixtures are investigated on the features of film condensation.
Three different types of circular channel are employed as for having divergent, con-
stant and convergent cross-sections with respect to the vapor flow direction;

R(x)=140.1x Diffuser: D
R(x)=1 Cylinder: C (4.34)
R(x)=1—-0.05x Nozzle: N

A typical example of numerical results is shown in Fig. 5 for the case of ethanol-

Table 4. Nondimensional parameters

?&O ng Coo Re Re Pr Pr Sc He Gr Mc® RePr ReSc Adw

x10? %107 x10-! X10‘5X107 > 10~7
E—W 9085 0.5701.010 15.11 9.26 5.03 0.636 0.988 2.238 1.165 93.48 64.27 0.3369

E—W | 90 87.5 0.5701.010 15.11 9.26 5.03 0.636 0.461 2.238 1.165 93.48 64.27 0.1662
E—W | 90 82.5 0.570/1.010 15.11 9.26 5.03 0.636 1.482 2.238 1.165 93.48 64.27 0.6808
E—W [ 9590 0.3630.791 15.87 9.56 4.60 0.790 0.953 2.466 0.953 75.55 62.47 0.4737
E—W | 8580 0.7081.186 13.96 9.05 5.94 0.558 1.073 1.909 1.315 107.3  66.15 0.2764
M—W | 90 8 0. 793;1.950 15.32 9.27 4.83 0.803 0.956 2.300 0.854 64.41 55.78 0.3400
A—W 190 85 0.1011.310 15.90 8.49 4.57 0.585 0.942 2.478 1.441 111.2  76.68 0.1771
M—E | 7574 0.2521.326 10.53 9.65 12.98 0.760 0.346 1.087 1.520 128.0 100.8 0.7959
H—B | 7574 0.2862.804 25.45 8.68 4.58 0.863 0.518 6.348 2.872 243.5 241.9 0.5425

NB. U00:10cm/s R0=1Cm

Fi1c. 5. Co-current flow film condensation; ethanol-water, C, To;=90°C, T,,=85°C,
Uo(): 10 cm/s.
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water mixture. The system condition is 73,=90°C (C,,=0.507), T,,=85°C, and
Uyw=10cm/s (R,=1cm). Values of nondimensional parameters are listed in Table
4, where the length scale is chosen as Ry)=1cm. The condensation rate per unit in-
terfacial area first decreases axially and reaches a minimum at a point near the end
of the thermal developing region. After taking the minimum value, the condensa-
tion rate keeps nearly constant values or increases again owing to the flow condition
(cf. Figs. 7-1, 8-a and 9-a). The first decrease of the rate is attributed to the growth
of concentration layer which reduces the diffusion flux of the volatile component
from the interface to the bulk flow. The increase of the rate after the minimum may
be attributed mainly from the axial decrease of the mass fraction of the volatile com-
ponent in the main stream. As for the concentration field of the vapor mixture, the
volatile species is always transferred from the interface to the center by binary diffu-
sion and from the bulk to the interface by convection. After the end of the develop-
ing region of concentration, the maass fraction of the volatile species in the main
flow increases due to the higher diffusion flux from the interface to the bulk than the
overall convective flux from the bulk to the interface. Further condensation, how-
ever, leads to the superiority of the convection flux to the diffusion flux. Under this
condistion, the condensation rate is increased due to increasing the driving force
(C;—Cy). This increase in the condensation rate sometimes accelerates the tendency
of decreasing the mass fraction of the volatile species in the main stream to result in
very rapid increase in the condensation rate (see Figs. 8-a and 9-d). The heat flux to
the wall shows the same behavior as the condensation rate since it is approximately
proportional to the latter.

Because of small difference between the interface and wall temperatures, the mass
fractions at the interface hardly change axially except for in the vicinity of the start-
ing point of condensation. The thickness of concentration and temperature layer,
(R;—R,) and (R,— R,), respectively, vary as being approximately proportional to x**.
Since rroc (R;— R,)™!, the condensation rate in the developing region changes as
mocx~ %% It can be seen from Eq. (3.38) that do®/dxoc v, hence, the film thickness
changes axially as doc x'®. This relation holds approximately up to x*~0.1. For
one-component gravity-flow film condensation on a vertical flat plate, the film thick-
ness follows the x'/* rule of the Nusselt solution, Eq. (3.42).

The interfacial temperature given by the heat balance at the interface is mainly
dominated by the film thickness and the condensation rate, being approximately pro-
portional to them. The interfacial velocity behaves like the film thickness, being
approximately proportional to the square of the latter. It should be noted that rapid
reduction in the main stream temperature after the thermal entry-length may result
in a supersaturation of the vapor mixture, hence, a possibility of dropwise condensa-
tion which is not accounted for in the present study. The pressure gradient keeps
almost constant.

In Fig. 6, the effect of channel geometry for co-current flows is presented. The
condensation rate is highly reduced for the case of diffuser-type channel, whereas onto
the wall of the nozzle-type channel the vapor mixture condenses at considerably
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0 0.02 0.04 o 0.06 0.08 0.10

FiG. 6-a. Effect of channel geometry on the co-current flow film condensation;
ethanol-water, T=90°C, T,=85°C, Uyp=10cm/s. (a) m*, q and .

0 0.02 0.04 o 0.06 0.08 0.10

FiG. 6-b. Effect of channel geometry on the co-current flow film condensation;
ethanol-water, Ty,=90°C, T,=85°C, Uyp=10cm/s.
(b) RC; RL’ 01’; 00 and Uy.

higher rates as shown in Fig. 6-a. However, as for the overall condensate mass flux
or the condensate mass flux per unit axial length, /R, the diffuser flow takes larger
values than the nozzle flow. The overall condensation of total mass, the overall con-
densation of the volatile species and the oberall heat flux are 1.3%, 1.9% and 1.0%
higher for the diffuser flow, and 1.2%, 1.7% and 1.09% lower for the nozzle flow than
those for the constant cross-section flow, respectively. Due to this fact, the vapor
mass flux, #,R%, changes more rapidly in the diffuser channel than in the nozzle. The
diffuser flow requires longer developing lengths. The liquid film on the wall of the
nozzle flow is thicker than that of the diffuser flow. The exponent of axial variation
of the film thickness (< x7) is #=0.2 ~ 0.23 for the nozzle flow and n=0.17~0.2 for
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Fic. 7-a. Effect of vapor-flow velocity (Ug cm/s) on the co-current flow film
condensation; ethanol-water, C, Tp,;=90°C, T,,=85°C. (a) m*, g and 3.

0 0.02 0.04 «* 0.06 0.08 0.1C

Fig. 7-b. Effect of vapor-flow velocity (Uy cm/s) on the co-current flow film
condensation; ethanol-water, C, Ty ,=90°C, T,=85°C.
(b) Rc, Rl, 01’5 60 and Uy.

the diffuser. Owing to the increased film thickness and condensation rate, the nozzle
flow has larger values of the interfacial temperature and velocity than the diffuser
flow.

The effect of the vapor flow velocity (Reynolds number) is demonstrated in Fig. 7.
It should be called to mind that the abscisa of the figures means x/R,S,. In the co-
ordinates of R,S.n vs. x/R,S,, higher flow velocities yield lower condensation rates
and shorter developing lengths of concentration and temperature. The film thickness
takes larger values for higher velocity flows, being approximately proportional to RY?
(see Eq. (3.38) with Eq. (3.39)). The interfacial velocity and temperature are ap-
proximately proportional to R;'® and R}, respectively.
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The vapor temperature at the flow inlet and the wall temperature have a considerable
effect on the behavior of film condensation. As shown in Fig. 8, larger difference
between two temperatures, 7,,— T, results in higher condensation rates which are

roughly proportional to 4,, defined by

_ CT)— C(Ty) (4.35)
v Ce(Tu;) - Ce(Tu)

It 1s seen from the result that, when the inlet te mperature and the wall temperature
are varied simultaneously with keeping a constant temperature difference between

! !
o] 0.02 0.04 ¥ 0.06 0.08 0.10

Fig. 8-a. Effect of inlet-vapor and wall temperatures (Tgo— 7., “C) on the co-
current flow film condensation; ethanol-water, C, Uyp=10 cm/s.
(@) m*, q and o.

“ D <95-90 TTTmmeel_ o
S 4oy 90-85"  8xio
Pl T e ot
S~ o
o B~
-
90-875 Ry
O L 1 ! 1 J — | A H !
0 002 004 ., 006

Fic. 8-b. Effect of inlet-vapor and wall temperatures (Too— 7Ty, °C) on the co-
current flow film condensation; ethanol-water, C, Uyp=10 cm/s.
(b) Rt, 01', (90 and .
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FiG. 8-c. Effect of inlet-vapor and wall temperatures (Tgo— Ty, °C) on the co-
current flow film condensation; ethanol-water, C, Uyp=10 cm/s.
(C) Rc’ Ci, Ci and Co.

them (approximately C,(7;,) — C,(T,)= const), the condensation rate takes a minimum
value at the temperatures close to which the difference of equilibrium mass fractions,
C(T)—C,/T), is maximum. Larger values of the condensation rate are always as-
sociated with higher interfacial temperatures and longer developing lengths of con-
centration and temperature. Longer developing lengths result in relatively slower
change of the condensation rate in the axial direction. Since d&°/dx o< ri1, the exponent
of the axial variation of film thickness is larger for the case of larger values of 4,,.
The exponent (6ocx™) is n~0.22 for T,,=90°C and T,=82.5°C and n~0.19 for
Ty,=90°C and T,=87.5°C. The film thickness is approximately proportional to
42 (see Eq. (7.66)).
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O 0.02 0.04 * 0.06 0.08 0.10
Fic. 9-a. Effect of type of binary mixtures (E-W, M-W, A-W) on the co-current
film flow condensation; C, T4=90°C, T,,=85°C, Uy,=10 cm/s.
(a) m*, g and 4.
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Fi1c. 9-b. Effect of type of binary mixtures (E-W, M-W, A-W) on the co-current
film flow condensation; C, T =90°C, T,=85°C, Uyw=10cm/s.
(b) Rt’ 61‘, 00 and Uy.
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Fi1G. 9-c. Effect of type of binary mixtures (E-W, M-W, A-W) on the co-current
film flow condensation; C, Ty,,=90°C, T,,=85°C, Uy=10cm/s.
(C) R., Ci’ C; and C,.
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Fic. 9-d. Effect of type of binary mixtures (M-E, H-B) on the co-current film
flow condensation; C, T4=75°C, T,=74°C, Uyp=10cm/s.
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The type of binary mixture also has an appreciable effect on the film condensation
through its equilibrium characteristics and physical properties as shown in Fig. 9.
In the figure, the results for ethanol-water, methanol-water and aceton-water are
compared. Figure 9-d shows the case of methanol-ethanol and hexane-benzene,
which have very narrow equilibrium curves (Fig. 3), that is, larger values of 4,. The
condensation rate is highly characterized by the factor. Larger values of 4., result in
higher condensation rates and larger values of the exponent of the axial change in the
film thickness. The latter takes n=0.33 ~0.25 for the case of methanol-ethanol and
hexane-benzene. The film thickness is approximately proportional to (4,R,/G,)"*
and the interfacial velocity to (42G,/R,)/*. The pressure gradient is roughly propor-
tional to M?R,S.G,/R? in the x* scale and to M?G,/R? in the x scale. It should be
noted that the effect of the diffusion process of the volatile component can be ex-
pressed by the factor 4, since it includes the mass transfer potential at the interface.

5. COUNTER-CURRENT FLow F1iLM CONDENSATION

In the case of counter-current flows, the vapor mixture is introduced upward into
a vertical channel at the end of the cooled wall (Fig. 2-b). The vapor mixture is in
equilibrium at the inlet temperature and pressure, T,, and P,, having the mass frac-
tion of the volatile species, C,,. The wall is cooled isothermally at a constant tem-
perature 7, between x=0 and x=L. Condensation starts at x=0, and the con-
densate flows downward along the wall in the opposite direction to the vapor flow.

Under this condition, it is likely that the governing equations might have two
singularities at the starting point of condensation (x=0) and at the vapor flow inlet
(x=L). At x=0, the thickness of the condensate film should be extinguished and
the heat flux through the film might go to infinity due to Eq. (3.44). From further in-
spection into Eq. (3.37), however, it is seen that the interfacial temperature 4, can
also vanish at x=0 so as to yield a finite value of the heat flux. Thus, there is no
singularity at the starting point of condensation. -

At the vapor flow inlet, it is necessary to consider more detailed configurations of
the vapor and liquid flows. Close to the liquid vapor interface, the axial velocity of
the vapor mixture approaches the one of the liquid flow. Hence, there must be a
zero-velocity point somewhere in the vicinity of the interface. In order to force the
vapor mixture flow into the channel, an inner tube should be located at the zero-
velocity point so that the vapor and liquid mixtures in the annular section between
the inner tube and the outer channel are to be sucked in together in the same direc-
tion (Fig. 2-b). Within the cross-section of the inner tube, the vapor mixture can be
assumed to have a uniform temperature and concentration with a fully developed
velocity profile. In the space between the zero-velocity point and the liquid-vapor
interface, the concentration and temperature of the vapor mixture are to be diffused.
Taking such a configuration of flow, it is also possible to avoid the singularity at the
vapor-flow inlet.
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5.1 Boundary Conditions at the Flow Inlet
The vapor layer between the liquid-vapor interface and the zero-velocity point has

a thickness of 4,. Since the velocity profile is assumed as

(5.1)

t=1u,+(u, 110)<R>

o

the thickness 4, is given by

5L:R5<1— =y
N ou,—u,

) (5.2)

Within the cross-section of the inner tube, the mass fraction and temperature are

uniform,
C=C,(T,
00 To0) (R,—5,>r>0) (5.3)
=1
Of the vapor layer between the liquid-vapor interface and the zero-velocity point,

they are assumed to be of a parabolic profile,
R;—d, )2

€= Curt(C,—C( L5

(5.4)

(Ra>r >R5—*50)
(5.5)

2
6=1+(0i—1)<r-_1§_5" )

v

This means that at the flow inlet the radius of the concentration and temperature is

Ré_av;
R,=R,—35, (5.6)

(x=0)
(5.7)

Rt:RB’_av

Because of the finiteness of d,, the quantities at the interface such as u;, 6,, C, and
C, are directly given by Eqgs. (3.36), (3.37) and (2.20) to (2.25) with an assumed value

of the film thickness.
0 ¢ G, _ 0
u (142 Tﬁ*>_VA_T 2 # 0 5.8
(kt—F{AaRa 2pRe‘0+#pR,, (>-8)
k o k o R.P, 25 .
01(1 2k,_)=2kr_»i0 OBl A0 5.9
T 5. mrs, " (5-9)
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To obtain the solution of the governing equations with these starting conditions, the

film thickness at the flow inlet must be adjusted iteratively so as to satisfy the con-
dition of §=0 at x=0.

5.2  Numerical Procedures

The system is specified by

U,: the inlet flow velocity at the center,
Ty: the inlet flow temperature,
P,: the inlet flow pressure,
T,: the cooled-wall temperature,
R(x): the channel geometry, and

the type of binary mixture.

To start the stepwise calculation, a film thickness at the flow inlet is assumed. With
this film thickness, the quantities at the interface, u,, 6,, C,, C, and rir*, are estimated
by Egs. (5.8) and (5.9). The thicknesses of the concentration and temperature layer,
R, and R,, are given by Egs. (5.6) and (5.7). Using these values as the starting con-
ditions, the set of governing differential equations of the first order with respect to x
can be solved by means of finite difference method toward the negative direction of

the x-axis.

The governing equations to be solved are same as those for co-current

flows;

R.: Eq. (4.24), c: Eq. (4.26)
R,: Eq. (4.29), 6,: Eq. (4.27)
u,: Eq. (4.28)
o: Eq.(4.29)

u;: Eq. (4.30)
0,: Eq.(4.31)

C,, C;: Egs. (2.20) to (2.25)

p: Eq.(3.35

m*: Eq. (4.32)

m¥: Eq. (3.43)
g: Eq. (4.33)

The numerical solution advanced axially step by step gives finally the value of the
liquid film thickness at x=0. If this value is not within a specified small value, say,
10~ §,, the thickness of the liquid film at the flow inlet is reassumed and the same
procedure is repeated until the condition of §=0 at x=0 is satisfied with an appro-
priate accuracy.

5.3 Results and Discussions

A typical example of numerical results is shown in Fig. 10 for ethanol-water mixture
with T,,=90°C, T,,=85°C, Uy= —10cm/s, and L/R,=10 (R,=1cm). The concen-
tration and temperature layers are developed from the outlet of the liquid film flow
toward its starting point. From comparing Fig. 10 with Fig. 5, it is seen that the
behavior of the developing layers along the flow passage are almost similar in both
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F1c. 10. Counter-current flow film condensation; ethanol-water, C, T,=90°C,
T.,=85°C, Uyp=—10cm/s.

cases. The condensation rate and the heat flux are at first rapidly decreased due to
the growth of the layer. After taking a minimum value, they again increase. Be-
cause of relatively smaller variation of the condensation rate at the beginning of the
liquid film flow (in the developed region), the film thickness varies more rapidly in
the x-direction than that of the co-current flow. The exponent of variation (6 ~x")
isn=0.25~0.30. Further in the developing region of concentration and temperature,
it changes more sharply (2>>0.30). Due to this fact, the interfacial velocity also
changes more rapidly than that of the co-current flow. The interfacial temperature,
hence, the interfacial concentration, shows somewhat different behavior at the begin-
ning of the film flow, approaching the wall temperature. The length of the develop-
ing region is not found to be appreciably affected by the flow direction.

The effect of channel geometry is shown in Fig. 11. It is seen from this figure
compared with Fig. 6 that the channel geometry has qualititavely the same effect
upon the features of film condensations as in the co-current flow. The nozzle flow
results in larger values of the condensation rate, heat flux, film thickness, interfacial
velocity and temperature. Concerning the overall condensation rate, the diffuser
flow provides larger amount of the condensate than the nozzle flow does. For the
present case, the overall condensation rate of total mass, that of the volatile com-
ponent and the overall heat flux are 1.4%, 2.0% and 1.3% higher for the diffuser
flow, and 0.6%, 1.0% and 0.4% lower for the nozzle flow, respectively, than those
for the constant cross-section flow. The channel geometry (nozzle and diffuser) is
termed with respect to the vapor flow. From the standpoint of the liquid film flow,
the “diffuser”” in counter-current flows corresponds to the ‘“nozzle” in co-current
flows. Considering the result mentioned above from this point of view leads to the
fact that the behavior of the vapor flow might not be drastically affected by the flow
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Fic. 11-a. Effect of channel geometry on the counter-current flow film condensa-
tion; ethanol-water, To,=90°C, T,,=85°C, Ugp=—10cm/s.
(a) m*, g and 4.
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Fic. 11-b. Effect of channel geometry on the counter-current flow film condensa-
tion; ethanol-water, To=90°C, T,=85°C, Ugp=—10cm/s.
(b) Rc, RC, 05, 00 and Ug.

direction and that the film condensation could be considerably dominated by the dif-
fusion and convection processes of the vapor mixture.

These features are demostrated evidently in Fig. 12, in which the condensation rate
for the counter-current flow is plotted against the distance from the flow inlet, (1—
x*). Roughly speaking, the condensation rate has a similar feature for both flows
except for the region close to the flow outlet. In the developing region, the counter-
current flow yields smaller values of the condensation rate, whereas in the developed
region it takes larger values than the co-current flow. At the outlet of the counter-
current flow, the interfacial temperature approaches the wall temperature, whereas
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Fi1G. 12. Comparison of co-current and counter-current flow film condensations;
ethanol-water, T¢=90°C, T,,=85°C, |Uy|=10cm/s; —, co-current flow;
——-, counter-current flow.

at the outlet of the co-current flow it goes off from the latter (cf. Figs. 6-b and 11-b)
This opposite tendency yields different interfacial mass fractions and results in ap-
preciable difference of condensation rate between the co-current and counter-current
flows at the flow-outlet. The film thickness takes larger values for the co-current
flow due to the higher condensation rates in the developing region.

6. QuasI-DEVELOPED FLow FILM CONDENSATION

When the radial transports of species and energy are sufficiently higher compared
with the axial convection of them as in the case of small Reynolds numbers, the radial
distributions of concentration and temperature tend to be of the developed profile in
a short distance from the start of condensation. This is the case for relatively long
tubes of small radius. The tendency is also promoted by employing some means
such as preliminary cooling or condensation before the inlet. In these cases, the radii
of concentration and temperature layers, R, and R,, go to zero within a short distance
from x=0, and the radial distribution of velocity, concentration and temperature may
be approximated by a simple function of r/R; such as

u=ulw—w( 5 )]
0=0{0, 00)(7%)7”) 6.1)

c~clieai( 7))
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Under these conditions, the flow field of vapor mixture will be much perspective for
the effects of each parameter on the behavior of film condensation of binary mixtures
in a channel flow.

For the purpose to deal with such quasi-developed flows, it is convenient to in-
troduce transfer coefficients for the radial fluxes of species, energy and momentum.
The nondimensional heat and mass transfer coefficients, the Nusselt number N, and
the Sherwood number S, can be defined in the relation with heat and mass fluxes,
respectively, as

of 0,—0, _
(637) =W P e =ar (62
v 7]
oC C.—C
e R (€3
’ ]

where 4,, and C,, are the flow-averaged temperature and mass fraction;

Rs Rs
f ubrdr f uCrdr
— 0 - 0
Om = “prrs Cp= T prrs (6.4)
f urdr f urdr

0 0

In this expression, equations of concentration and temperature, Egs. (3.14) and (3.15),
are written as

R
’dg"“—f 5puCrdr+m*C,-Ra=q;"R5 (6.5)
X 0
d (B , S, R oC o6
dx*L puc,Ordr+m*c,0,R;= P q;kRa—l—L ‘OCI/JDE_ a—rra’r (6.6)

r

The continuity conditions of species and energy fluxes, Egs. (3.19) and (3.20), are

i*C,=m*C,— n. 0P (c _c ) (6.7)
]
N, k - 0, H,P.R, , .
k2w X (0,—6,)+ k2= Orilel nRe gy% 6.8
5 R,;( )+ 5 RS, Iz (6.8)

The viscous stress nondimensionalized by p.u,u, can be expressed with the friction
coefficient f as

(#2) == LoiR=e 6.9)

where u,, is the mean velocity defined by

Rs
f urdr
A (6.10)

Rs
f rdr
0

U, =
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This expression reduces equation of motion, Eq. (3.13), to

R Rj
d—dgfoapuurdrvwh*uiRFL (— J\;z dﬂ + GRS p)rdr—}—Scf*Ra (6.11)

and its boundary condition at the interface, Eq. (3.18), to

_6_( R, dp _GT_>
>\ 3RS, dx* R,

The equation of continuity and its boundary condition at the interface are given
by, respectively

‘(; = —p,* (6.12)

d (®
WJ‘ purdr+m*R;=0 (6.13)
x* Jo

?}T{"G’* wiB )| ={o(vr—ugle)} = 6.14)

The interfacial temperature and axial velocity are obtained by Eqs. (6.8) and (6.12),
respectively

N, k H,PR N, k
@.(k e, N 5): Re ok e K o0, 6.15
ke R RS + R (6.15)
ui:ﬁ“(grp_ R, dp. ) _ o (6.16)

2p \ R, M?2R,S, dx* Jz

The mass fractions at the interface, C, and C,, are determined by the equilibrium
conditions, Egs. (2.20) to (2.25).

The rate of condensation, #1*, can be expressed by Egs. (3.38) to (3.40), respec-
tively, as

yir* — I 1 d [R { _|_*52(ij 4:,R~e dp4>}] (6.17)

._Q

o, R; dx* 6 21\ R ZR,S, dx*

= Sn. PP Ci=C (6.18)
> R, C,—C,

. RS, 1

k= Rede { l k,_::_e 0m} 6.19
e S0k 000 (6.19)

Combining Eq. (6.17) with Egs. (6.16) and (6.19) gives the film thickness as a solution
of the equation

o | R{L (G-t e

dx* 3i M?ZR,S, dx* 2
R, S.R; 1 {— N, k }
= e Lk, 4k, = 5(0,—0,, 6.20
0P 2 +h R ( ) (6.20)
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which is subject to the starting condition at x=0
0(0)=0 (6.21)

At the starting point of condensation, x=0, Egs. (6.15) and (6.16) yield 4,=0 and
u,=0. For the case of co-current flows, thus, the radial distributions of velocity,
temperature and concentration may be expressed as

u=u(r")
0=6(rm) (6.22)
C= C{(Cio - Coo)r l}

where C,, is evaluated at §,=0. For the case of counter-current flows, the film
thickness at the flow inlet, x= L, should be determined so as to be §==0 at the start-
ing point of condensation, x=0, by an iterative method. Corresponding to the film
thickness at x= L, the interfacial temperature (hence, mass fractions) and velocity are
obtained by Egs. (6.15) and (6.16), respectively.

The most leading contribution to the axial change in m* and 4, comes from the
axial variation of C, which is controlled by Eq. (6.5). For quasi-developed flows,
the axial change of C, is not substantial due to small values of radial mass transfer.
The condensation rate, #2*, and the states of the mixture at the interface, 4,, C, and
C,, are weakly changed in the flow-direction. These features make it much easy to
examine the effect of each parameter.

6.1 Laminar Flows

With the assumption of a parabolic profile for the radial distribution of velocity,
concentration and temperature, Eq. (6.1) gives

v =ty (u;— ty) (7:7)

0

C—=C,+(C,— co)( ;ﬁ ) (6.23)

0=06,+(6,—86,) :
(6, — 8, (f ‘5 )
Equations (6.5) and (6.6) are rewirtten as

T L R0+ 0IC e 2u)CY =~ CR A gER. (624)
dx* L 12

d [ Oy R§{(2uo+ui)ﬁo+(u0+2uz-)6i}] = —m*c,0.R,;
dx* L 12

+ g Ry 0, DRY(C,— C)6,~ ) (6.25)

7

which give the axial change of C, and §,, respectively.
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Equations of continuity and motion, Egs. (6.13) and (6.12), are

d

il s (a0 a0

R, 2

5\ R dp GRS 5 8 . ; R
1+__> 5 — rieDe R‘z( ;>__)_ z(m*R SciA—i>
( R) o a2k TR T LR

jﬁ{ O R(1 -+ ugu, +u2)} (6.27)
dx*
from which the axial variation of u, and p can be obtained.

Concerning the transfer coefficients, S,, N, and f, for laminar flows, it may be
consistent to evaluate them from the assumed profiles. The profiles yield

ﬁ(ke 2“mRz>_‘ (6.28)

v

4 C=C N 400 g3t

S u
" Cc,—C, T e,—6, ? u,

Since the assumed profiles are of approximation through the cross section of the
channel, it is likely that they are insufficient close to the interface. In such cases, the
coefficients should be given a priori by some empirical estimations. When the fields
of velocity, concentration and temperature are weakly coupled, they may be approxi-
mated by an empirical correlation of heat transfer in a tube flows [16] such as

S, =366 N,=3.66 f—= 64(R 2unR, ) (6.29)
v
The flow averaged values of mass fraction, temperature and velocity are
1
= —{Quy~+u;)Co+ Uy +2u,)C;}
3 Uy+ U,
0., %{(Zuo—i—u ot o+ 2000 (6.30)
0 i
Up —l‘(uo+u )
2

In Fig. 13, a typical example of numerical results is shown for the case of ethanol-
water mixture at T, =90°C, T, =85°C and U,=100cm/s in a circular tube (R,=1
cm). The flow variables change more slowly in the flow direction than they do in
the developing flows. In the latter case, the high rate of condensation close to the
flow inlet results in the reduction of the bulk mass fraction of the volatile component
of vapor mixture after the end of the developing region, which leads to an increase
in the condensation rate again. In the quasi-developed case, the condensation rate
as well as the heat flux to the wall decreases monotonously in the flow direction.
Comparison between the developing and quasi-developed flows is shown in Fig. 14.
The difference is quite remarkable. In addition to the behavior mentioned above,
the condensation rate takes much lower values than those of the developing flow.
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Fic. 13. Laminar co-current developed flow; ethanol-water, C, Ty =90°C,
T,=85°C, Uyp=100cm/s.
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FiG. 14.

Comparison between developed (—) and developing (—-) flows; lamiuar
co-current, sthanol-water, C, Ty=90°C, T,=85°C, Uy,=100cm/s.

The heat flux to the wall, the film thickness and the interfacial temperature and

velocity are also considerably small. Further, the interfacial temperature behaves

quite differently, increasing from the wall temperature (§,=0) at x=0 and decreasing
gradually after taking a maximum. These imply that the flow behavior in the start-

ing region of condensation has a very important role on the film condensation of
binary mixtures in a vertical channel.

The effects of transfer coefficients, S,, N, and f, are shown in Fig. 15. Dashed
lines mean the result with the coefficients of parabolic profile, Eq. (6.28). For full
lines, the coefficients are varied by a factor (1 ~2) of the values of Eq. (6.29). The
friction factor and the heat transfer coefficient have little effect on the condensation
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features, whereas the mass transfer coefficient has an appreciable effect (dotted lines).
It is noted that, although large values of mass transfer coefficient yield high rates of
condensation at the beginning, the rate decreases in the flow-direction so rapidly to
become smaller than that of smaller mass transfer coefficients.

Figures 16-a to 16-c show the effects of the channel geometry, the vapor flow
velocity at the inlet, the temperatures at the inlet and the wall, and the type of binary
mixture, respectively. They have qualitatively the same effect as they have in the
case of developing flows. Nozzle flows result in higher local rates of condensation,
although they give smaller values of overall condensation mass flux than diffuser

4 —
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- ‘\\\ !
.o - . m*
| " {2She,Nue, fe)
0.8 \\\ 2
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Fic. 15. Effect of transfer coefficients (S/, Nu, f) on the film condensation of
laminar-developed flow; ethanol-water, C, To;=90°C, T,=85°C, Ug=
100 cm/s.
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Fic. 16-a. Effects of channel geometry and vapor-flow velocity on the film
condensation of laminar developed flow: ethanol-water, T,,=90°C,
T,=85°C, Uy=100cm/s (—), 10 cm/s )
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F16. 16-b. Effect of inlet-vapor and wall temperatures (Too—7T, °C) on the film
condensation of laminar developed flow; ethanol-water, C,Uy =100

cmy/s.
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Fic. 16-c. Effect of type of binary mixtures (E-W, M-W, A-W) on the film
condensation of laminar developed flow; C, Ty=90°C, T,=85°C,
U00=100 cmy/s.

flows: in Fig. 16-a, f'lm*dx*=0.0824(D), 0.0814(C), 0.0805(N). Lower vapor
0

velocities yield slightly higher condensation rates in the #* —x* coordinates (Fig.
16-a). Larger values of the factor 4, lead to higher condensationrates (Fig. 16-b, c).

Figure 17 represents the condensation behavior of counter-current flow of ethanol-
water mixture under the same condition as in Fig. 13. The interfacial temperature
increases from the wall temperature at x=0 monotonously in the liquid flow direc-
tion. The film thickness is smaller than that of co-current flows. However, values
of the local condensation rate and the local heat flux to the wall hardly differ from
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Fic. 17. Laminar counter-current developed flow; ethanol-water, C, T,,=90°C,
T,=85°C, Uy=—100cm/s, (-, co-current flow).

those of co-current flows. It implies that the direction of the vapor flow has little
influence upon the condensation behavior of quasi-developed flows.

6.2 Turbulent Flows

In the case of smooth-tube flows which are not strongly coupled with heat and mass
transfer processes, experiments have shown that many of the relations with regard to
flat-plate flows may be applied to developed tube-flows. It may be assumed that the
radial distributions of velocity, temperature and mass fraction of the vapor mixture
are approximated by a power-low profile

()
=t -(3))

o (i())

With these profiles, the integrals involved in Eqgs. (6.13), (6.11), (6.6) and (6.5) can
be evaluated as

1 R" 1 1
= D) T

J uurdr = L ——Ugly -+ { 1 — 1 }2u0ut
R; Jo @n+1)(2n+2) (n+D(n+2) (2n+1D)(2n+2)

{ 1 2 1 }
+4—— — —— (U:lU;
2 (n+Dm+2) (2n4-1D(2n+-2)

= Ayolholly + Aol + QiU U,
1 (%

R;

1
U
(n+m+D(n+m—+2)

ulrdr = [
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1 1
+{(m—}—1)(m+2) (rFmtD(nt+m42) }ui]ﬁ"

1 1
+[{(n+1>(n+2)  (ntm+Dn+m=+2) }”

1 1 1 1
+ {-———“ — + }ui-lﬁi
2 (m+1D)n+2) @m+Dm+2)  @©+m4-1)(n+m+2)
=(@yp0tty + yoi11,)00+ (@, 0o+ a,;,14,)0,

| 1
J' uCrdr:[ Uy
R Jo (n+1+1D(n+-1+2)

1 1
+{(l+ DI+2) (It 1)(n+z+2)} ”i] ©

1 1
+[{ DO+ (n+1+1)(n+z+2>}”°

{ 1 1 1 1 } ]
+ ~ - + u; Cz
2 (m+Dn+2) (+DU+2) @+i4Dn+14-2)

= (@00t + Ao itts)Co+ (A sotty + @ iu,)C;

where the constants a,, d,, d.o €tc. denote the coefficients concerned with wu,, u,6,,
u,C, etc. respectively. The integral of (dc/dr)(06/or) involved in the equation of en-
ergy, Eq. (6.6), is not always integrated due to the term (v/R;)™**~* in which m+/<1.
The contribution of laminar diffusion to the mass transfer process in the turbulent
flow may be negligible compared with the turbulent convection. Hence, in the tur-
bulent case, the omission of the integral can be assumed.

With the integrals, the governing equation of vapor flow, Egs. (6.5), (6.6), (6.11)
and (6.13), are written as follows.

d

W[PRg{(acoouo + ao;tt;) Co+- (@0t -+ aciiui)ci}] = —m*C,R,+q*R, (6.32)

%[P%Rg{(amouo + ayo,1t)00+ @y 0+ ays;)0;}] = — m*cpaiRﬁ +q¥R, (6.33)

d [ 2{ uo_uz uz} — /2 1 #T *]
_4 [, 0R Ro(Zu+L # 5V =0 (6.34
2 LN G Dy T2 ST ATt 7 r) 639

( 5) R dp G.RS 2( 5 5) ( 2 Ra)

1 3 — 772 cR g Y oy *R Sc Tt

1+ R) oM axr — 2k T, ) TS o
d
dx*

{o R (@ 00ttoUy + Qyostholt; + @y U U,) (6.35)

from which C,, §,, u, and p can be obtained.

It should be noted that the profile given by Eq. (6.31) are only approximate and
cannot describe accurately the flow behavior close to the interface even in the sence
of approximation. It does serve to give an adequate representation of the gross
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behavior of the flow. Thus, for estimation of the flux rates close to the interface,
additional informations are required. There is no knowledge of such a flow behavior
available for binary mixture condensation in turbulent-tube flows. When the flow
field is weakly coupled with heat and mass transfer processes, empirical correlations
may be employed from textbooks of heat transfer. In Ref. 16, the transfer coef-
ficients are recommended as

S, =0.023R%ES!

N,=0.023R%5P?3 (6.36)
f=0316R ™
where
R, =R, 2R (6.37)
v
and the average velocity is
R
um:.l_f Qurdr =2 { Uo—Uy “f} (6.38)
R: Jo (n+1)(n+2)

The fluxes, ¢*, ¢} and ¢*, are expressed as

qZ“ 0. 023 RgdSSO 3 Ci - C"l,
R,
gF = gg%é. Repys 0. (6.39)

where the flow-average mass-fraction and temperature are given by

2
C,= T{(acoo“o 4 aooi1t;)Co4- (@ oty +a,; u)C )

2"‘ (6.40)
0, = {(azoouo+ac0iui)6o+(azz'ouo+amui)0f}

m

With these coefficients, the interfacial varaibles, 6,, u,, #1* and ¢, are calculated by
Egs. (6.15) to (6.20).

In Fig. 18, a numerical result of turbulent flow condensation is shown for the same
flow conditions as in Fig. 13; ethanol-water, 7,,=90°C, 7,=85°C, U,=100cm/s,
constant cross section. Owing to Ref. 17, power indexes of the profile are used of
n=m=1=1/5. Asshown in Fig. 20, these power indexes have little effect. The
condensation rate take larger values for n=m=1=1/7 than those forn=m=1=1/5.
This is resulted from the fact that smaller values of power index lead to larger mean
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flow velocities, hence, larger values of mass transfer coefficient; u, =0.595 (n=1/5),
0.680 (n=1/7).

In Fig. 19, the result is compared with that of laminar flow. Large values of
transfer coefficients yield higher rates of condensation and heat flux to the wall. The
general features are almost same for both cases. The mass transfer coefficient has
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Fic. 18. Turbulent co-current developed flow; ethanol-water, C, T3=90°C,
T.,=85°C, Uyp=100cm/s.

0 0.02 0.04 ¥ 0.06 0.08 0.10

Fic. 19. Comparison between turbulent (—) and laminar (——) developed flows;
ethanol-water, C, T4,=90°C, T,=85°C, Uyw=100 cm/s.
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an appreciable effect whereas the friction coefficient and the heat transfer coefficient
have little influence (Fig. 20). Nozzle flows lead to higher condensation rates than
diffuser flows (Fig. 21-a). In the case of Fig. 21-a, the overall condensation rate is

0.1
larger for the nozzle flow; f m*dx*=0.116 (D), 0.129(C), 0.137(N). Vapor flow
0
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Fic. 20. Effect of transfer coefficients (Sy;, Ny, fi) on the film condensation of
turbulent developed flow; ethanol-water, C, T,,=90°C, T,=85°C,
Upw=100cm/s; —, n=m=1=1/5; —, n=m=1=1/7.

0 002 0.04 x 006 0.08 0.10

Fic. 21-a. Effects of channel geometry and vapor-flow velocity on the film con-
densation of turbulent developed flow; ethanol-water, T,=90°C,
T,=85°C: N,C, D, Uyp=100cm/s (m*, 6x10%); C, Uyw=100, 1000 cm/s
(m*/2, 6:x10%/2).
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Effect of inlet-vapor and wall temperatures (Too— T, °C) on the film

condensation of turbulent developed flow; ethanol-water, C, Uy=100

cmy/s.

N : | |

TR | |

O ! 1 1 | | L ]
0 0.02 0.04 x* 0.06 0.08 0.10
Fic. 21-c. Effect of type of binary mixtures (E-W, M-W, A-W) on the film

condensation of turbulent developed flow; C, Ty (=90°C, T,=85°C,

Uyp=100 cm/s.

velocities give a considerable effecton condensation rates through the mass transfer
For different conditions of the inlet-vapor and wall tempera-
ture and different types of binary mixture, the condensation behavior is largely charac-
terized by the factor 4,, (Figs. 21-b and 21-c).
vapor flow direction is also not appreciable.

coefficient (Fig. 21-a).

As shown in Fig. 22, the effect of the
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Fi1G. 22. Turbulent counter-current developed flow; ethanol-water, C, T4,,=90°C,
T.,.=85°C, Uy=—100cm/s, (—-, co-current flow).

7. SIMILARITY CHARACTERISTICS OF FIiLM CONDENSATION

As shown in the preceding chapters, film condensation of binary mixtures is con-
trolled largely by the phase equilibrium characteristics which are inherent to the
mixture. The physical features of systems tend to be less similar, as the factors
proper to each system play a more important role. From the standpoint of applica-
tion of the results as well as understanding them, however, it is substantial to examine
the phenomena on the basis of the similarity concept. Although it has also been
considered with a similarity concept in the preceding chapters, more general similarity
will be studied in the present chapter.

Taking the characteristic lengths and velocities in the x and r directions, respec-
tively as

X, Y;U V

and denoting the characteristic properties by suffix r0, the conservation equations are
written as

3 XV 1 3
KB XV 18 N0 7.1
aX(PUH‘ YU 7 (rov) (7.1)
3 XV o1 9 D, op . gX
= 2 (rovu)= — L0 “F | S5
T 7 i P N T M L
ﬂm{(l)?a_( f’i) Lil(r ?Z)} 79
yu vy Wy ) o o) T Vs (7.2
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Xv 1 XV ap
_( 17 _}_—____A — Pro
) YU r (rovv)= oV YU or
XV v, {<Y>28 ( 60) ii( av)}
HR T2 A\S A A A AT (73)
0 XV 1
— S C
ax(p )+ S (pv )
XV oy, 1{( Y>28< ac> a< ac>}
= — % (roD2= )
YU VY S, X/ ox £ ox +r or e or 74
XV ¢,
—(pub B 6
¢ (pu)+XU : (pv)
L ()5 ()2 ()
YU VY LP, X/ ox 0x or or
P Y \?0C 06 , aC a6
oi0{(%) /] -
TS P\ x ) o ax o (7.5)
where
T—T
=t " Tw 7.
TOO_Tw ( 6)
Inspections into Eq. (7.1) yields
X v, XrV_, (1.7)
Y U Y U

The condition which reduces the equations to the boundary layer type equations is

Y\? Y \?
—— 1 — 1 7.8
(¥)<r (%)< )
From Eq. (7.3), it is seen that the condition

PV <<1 BV << 1 (7.9)
Pro Do

leads to the uniform pressure distribution across the flow passage,

9 _g (7.10)
or

Under the conditions of Egs. (7.7) to (7.9), the governing equations, Egs (7.1) to (7.5),
become

9 o+ -2 (rpv)=0 (7.11)
0x r or
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0 1 o P dp | gX v, 1 0 ( 6u>

— u — < (rovu)= — £ LA — ru 7.12

0x (puae) r or (rove) 0 U? dx + U2‘0+ vy r or \ "or (7.12)
0 1 o v 1 1 0o oC
~Z (ouC — 2 (rovC :J_—_—<r D—~) 7.13
0x (ouC)+ r or (rpuC) VY S, r or £ or ( )

9 e 8 v 1 (1 8 (.,00\. P 3C 36 .
c,——(ouf 2 _~ (rovf)=--"22 {— (k ) " oc!D } 7.14
vy PO O = o R ) T P g 19

The boundary conditions at the liquid-vapor interface can be expressed as

6,=06, (7.16)
ool p(o—a o) =pvfo(v—u R} = (7.17)
dx i dx P
. E{EZ} — }L{ _aLL} 7.18
furoYﬂafi ﬂroYﬂari (7.18)
.~ 5,D, (_0C . D, aC

c_ﬁr:g( DE)} z{ cf_.u( D__)} 7.19
{m y /" y "o/l (7.19)

120( -aé) kr( aa) Ar0 D S —{ _~a€}
O —k ) (kT ) =2 m—25,,D, ) A,0D"— 7.20
Y oY/ Y or ) T,—1, " w5 (7.20)

As for the characteristic scale of the axial length, one can chose

Y:X;

X=X

Condensate Flow

By assuming a thin thickness of the flow (6« R) and introducing a coordinate y
defined as

V=R—F (Fgl) (7.21)

Eqgs. (7.11) to (7.14) are reduced to

2 (@) +-2(p0)=0 (1.22)
0x oy

P dp  gX5, 90 0 (ﬂg}f) (7.23)

N
2 (puit) 4 —(pvnn) = — Lo >~ Zr0
ox PO+ U= e ax T U T T oy

2_(ouC)+-2(C)=
ox oy
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where the positive direction of 7 is taken as the positive direction of the y-ccordinate.
If the Reynolds number ¥Y/v,, can be assumed sufficiently small that
I_/Y<<1 S, VY<<1 P,VY

Yro Y7o Yro

<1 (7.26)

equations of motion, species and energy are further reduced to

0 (6&)__ P VY dp gY? _ (1.27)

%}M #5)—7 .-—457'0(_]2 Dro E— UDTO‘O
b <_—a€>
9 (D%~ )—0 7.28
% 0 T (7.28)
O (K%)= — Lrperp 0 O (7.29)
oy \ oy S, oy ay

which are subject to the boundary conditions

7=0 9C o G=0 at y—0 (7.30)
oy
A=i, C=C, =0, at y=o0 (7.31)

With the reasonable assumption of constant properties within the liquid layer,
Eqgs. (7.27) to (7.31) yield

-y, 1 ( P VY dp  gY? -) 2 sC

a=a,J o0 _ & — 57 7.32
5 T2\ o ax O, )T (7.32)

C—C, (7.33)

é:éi_g_ (7.34)

With those solutions, the boundary conditions, Eqs. (7.18) to (7.20), are written as

S2 174 V2 _
a4 <_p,—’0__ VY dp _ gY p)z_&ﬂég(#ﬂ)' (1.35)

2 \p,,U* v,, dx Uy,, fo U Y or
= L PrDro (p1)£> (7.36)
C,—C, Y or /i
Ky (E 0, )- ko ( _ 99 ) — A (7.37)
Y 0 Y or /i Tyw—T,

Integration of Eq. (7.22) with respect to 7 yields

2| =pd{m,— 70 — 5 =l 00— 7.38)
T 6\ 3,0 5,y dx  Us, 1T .
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In Eq. (7.35), the gravity term is most predominant. In order that u, should be of
the order of unity,

U=8 y: (7.39)

DrO

Combining Eq. (7.39) with Eq. (7.7) gives

N

-8 1 7.40
T (7.40)

Ayl

Vapor Flow

For vapor flows, the condition of small Reynolds number such as Eq. (7.26) is too
restrictive to treat the general features of condensation flows. Usually, it is required
to solve strictly the set of governing equaions. Taking the reference condition as

VY

=1 (7.41)
Yro
Egs. (7.11) to (7.14) are rewritten as
9 o+ (rov)=0 (7.42)
0x roor
. 1 a :__P&,_f gX ——<r J%) 7.43
0x (pu)+ r or (rpvu) p,,U? dx TPt roor # or (7:43)
_,v,( uC)—{—_f—(erC)_ 1 1.9 (rpD aC) (7.44)
S, r or or
1 oC 00
- pc,D 7.45
r ( ) P or or ( )

The boundary conditions of these equations are given by Egs. (7.35) to (7.37) with
Eq. (7.39) as follows;

at r=R—g,
Lli: 5_ ( U p__ U _ piq' VY dp)__ #TO lhs(#ﬂ> (7.46)
2\ U U p,,U° 9, dx P Y or /i
v,= ui@f + boom (7.47)
dx (OroV Io
Ci - Ce(Ti) (7-48)
= Fo_ X0 g K Li(;ﬁi) (7.49)
TOO— Tw krO k krO Y k ar 4
and at r=0
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ou

ou 6C:0 o6 _
or

=0 - =0 7.50
or or ( )

The film thickness is given by Eq. (7.38) with Eqs. (7.17) and (7.35) as

- 52 784 v - ;
B R = = LT %)) B
ox L2 3 & 0,,U? D,, dx o U Y or /1 OrV
Since the axial change in the interfacial temperature is not substantial due to the

large heat conductivity of the liquid, the interfacial mass fractions in phase equilibrium
can be expanded around those at the wall temperature as

C=CUT)+(022) (T=T)+- -
(7.52)

'C'izée(Tw)+< C. )w(T_ T,+) --

0
oT

where C,(T) and C,(T) are the equilibrium mass fractions of the vapor and the liquid
at T, respectively. With these expansions, the condensation rate can be expressed as

m_ _ Co—CuTw) pro Dno ( DaC)
prOV Ce(Tw)_ée(Tw) pro VY or /i

oC oC To—T, -t
GG deaszeay e o
[1H{(5). -5 e =g 79
Thus, in order to obtain the film thickness 6 ~0(1) from Egs. (7.51) and (7.53), it is
required that

Coo—Ce(Tw) ipro D,,

2 =] 7.54
Ce(TOO)—Ce(Tw) 0r0 VY ( )
With Egs. (7.37) and (7.40), Eq. (7.54) gives
Yi=4, .‘_7r0 D, ’jro Uo X (7.55)
Pro YVro Y7o & Y
— 2/3
U=(4,80 Pro 2o X)¥g5, (7.56)
(or() Yro Yro Y
V=4, Pro Dry Ve Vro (7.57)
pro Yro lj7'0 Y
where
COO - Ce(Tw) (7.58)

v Ce(Tw) - ée(:rw)
Setting the inlet radius and the inlet vapor velocity as Y and U, respectively
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and using Eqgs. (7.7) and (7.41) yield
X=X=R,R, (7.60)
V=Uy,R:" (7.61)

where R,= UyR,/v,,. These relations give

=7 4/3 1/3
1 :<Awfio D, Lo) (&.) (7.62)

pTO Yro uTO

Yro

where G,=gR?/5?,. Since the right hand side of Eq. (7.62) is of the order of
10-%(R,/G,)'7, it is required to satisfy Eq. (7.26) that

§L< 101~ (7.63)

r

Inspection into Eqgs. (7.42) to (7.49) yields that the flow variables will be a function
of following parameters.

s. p. X 0V A Yoo o ¥k, Y T
3 s Pl s ——0r0" » - y ey
U Pro Too" Tw krO Hro Y krO Y U
oV Po VY (f"ca) Ty—T, (E@_) T T
pTOV ’ pTOUZ D7“0 ’ aT w Cew_ éeu- ’ aT u Ceu:_ —_e %
These parameters can be expressed by Eqs. (7.55) to (7.62) as
X _ G, (7.64)
U* R
Y — _ 4/3 1/3
A Y ”pTOV:____LPT(Aw@_D_i L(L) (ﬁg) (7.65)
]100— Tw kro CprO(TOO—_ Tu) (070 Yro DrO G7
A% 1/3 1/3
= (a8 Do 2 )7 (Re) (7.66)
Y prO Yro Yro Gr
U _ vy, (Aw Pro 3&0‘_%&)2%_5;)”3 fﬁ(zzgwﬂro_ (7.67)
U Yro Pro Vyo Yro Re prOV Yro
IV 2
P PL_ Pa fro(Va) 2 (7.68)
(O'rOU Yro pTOUrO £r0 N Yro Gr

which mean contributions of the gravity, the heat conductivity, the liquid film thick-
ness, the interfacial velocity and the axial change in pressure, respectively, to the be-
havior of vapor flow. It is seen from Egs. (7.66) and (7.67) that the film thickness
and the interfacial axial velocity are of the order of, respectively,

(4.0 Do s V(R (g, 0 P 5a)7(6Y ",
G7 Vo Re

ﬁro Yro Yro

pro Yro va-O
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The factor G,/R? characterizes the natural convection induced by the density varia-
tion of vapor mixture. The density can be expanded as

p=put(22) (T T0+(22) (€~ C)+- (7.69)

Thus natural convection can be characterized by

JGz; J—(GT) (Too—To), 22 1 (ac) (Coo—C.) (7.70)

Since the coefficients of G,/R: are less than unity, these parameters have little contri-
bution to the vapor flow field as long as G,/R;< 1.
In Egs. (7.64) to (7.68), the most predominant parameters are

Aw Pr (Aw //‘70 )4/3< Re )]/3
S’ S. f/ \G,

r

where H,=c¢,,(T,—T,)/2,, The flow variables are then expressed in the form of

¢=¢< gw ’ Kn Ke, Ka Sc5 Pr) (771)
where
K,=Lr ( As @)“”(_’Ee_ys (7.72)
He Sc ﬂro Gr
Ke:<ace ) _ Tw—T, K= (aC ) To—T, (1.73)
aT ( ) C (Tw) aT e(Tw)—Ce(Tw)
The rate of condensation and the heat flux to the wall are expressed as
ol _ Mt fm( K, K, K, S, P ) (7.74)
d./SH/R) dw S,
9 = NC1s =_fq( Aw s Kta Ke» Kea Sca Pr) (775)
((Aw/Sc)([uro/ﬂro)(Re/Gr)) / Sc

The correlation of Eq. (7.74) is shown in Fig. 23 for the numerical results obtained
in Chapter 4 of which the nondeimensional parameters are shown in Table 4.
The conditions of the boundary layer type flow, Eq. (7.8) are given by

4, R, \**
R:>1 R2>>< Ero T> 7.76
S /’ZTO Gr ( )

and the condition of the Nusselt approximation, Eq. (7.26), is given by Eq. (7.63) as

A #T )4/3( Re )1/3
1 0 = .77
>>< S /’er Gr ( )

This document is provided by JAXA.



Binary Mixture Film Condensation of Internal Flows 355

5
T
I Mixtures TwC T,C UnF
| EWLj 95 90 10
| EW2 | Ethanol-Water 90 85 10
4 EW3 | 85 80 10
MW | Methanol-Water 90 85 10
AW | Acetone-Water 190 85 10
| EM | Ethanol-Methanol | 75 74 10 |
3
: MW
<3 /
o l
. 2
E EW2
- EWI
L ‘ME ~. AW
‘EW3 !
@) : i : . 1 1 I I 1 I L i L | ! ! I ! ]
O 0.02 0.04 x 0.06 0.08 0.10

Fic. 23. Similarity correlation.

Thus, the necessary condition for the similarity correlation of Eq. (7.71) is

y —-8__
(%&) G2>R> 1 (7.78)

S(‘ ,‘2 r0

When the forced vapor-flow velocity is sufficiently small, the vapor flow will be
induced mainly by the shearing stress at the liquid-vapor interface and by the natural
convection, the above similarity being deteriorated. In the former case, the charac-
teristic velocity can be related with the relation of shearing stresses at the interface,
Eq. (7.18), as

Lpo—T — 20— (7.79)

Using Egs. (7.7) and (7.41) with Egs. (7.55) to (7.57) gives

X—X— (ﬂ,ﬂ io,)m(ﬁw &)1/2(;7 R,

Hro VYoo Se 0
Y:(M Ure >1/2(ﬁf‘70)1/21zo Y=R,
Hro Yro Se o
— “w Oro ¥ro
S. O Ro
U:@h<ﬁw_ﬂ>(—;r&g
Uro Yro N Se flro R,
y— Yo
R,

~ - 1/2 1/2
U_ ( o Yro ) / ( Aw #rO) G Vo
g QEEEAREA- —
[ur() ’)70 Sc ﬂro RO
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The similarity correlation is then

4,
Se

¢=¢< , K, K,, K., S, P,) (7.80)

where
K= Do (e )" (10 50 )"
H, \S. fi Hro Vro

The rate of condensation and the heat flux are

#RIow)S. _yp (4o k7 K, K., 5. P,)
4, s oo

(7.81)

9 :fq( Awa Kt/: Ke’ Ke’ Sw Pr)
((Aw/Sc)(Dro/er))l/z Sc

When the vapor flow is induced by the natural convection, the characteristic scales
can be related by the parameter, gX/U?, as

gX
UZ

where B is (00/0T)(Too— T.,)/ 0., Or (80/0C),(Coo—c,)/p... Using Egs. (7.7), (7.41)
and (7.55) to (7.57) yields

p—1 (7.82)

Yo
Aw ” 1/3 02 1/3
(b (o) o
¢ Hro Yro
V— 4y Pro Yro
Sc p'ro RO
U:(Aw #ro)“(ﬁ o )2/3 gR;
Sc ﬂro Vio ﬂro
V=2
0
U= (_‘BgRg‘)ﬁo_
Vo R,
The similarity is then
¢:¢< gw’ KtI,D Ke’ Kes Sc’ Pr) (7.83)

c

where

Kt”z Pr (Aw ;fr())“ﬁ(ﬁ ﬂz«O )1/3
He Sc /’er() VrO
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The rate of condensation and the heat flux are

m(RO/pr‘OBﬂ)‘EC":fm(Awa Kt,/la Kes Ke’ Sca Pr)

4, S,
(7.84)

a A_:fq<"w, K’ K. K. S. P7.>
(Do SN ttrol DV (B(E30/ V3N S,

8. CONCLUSION

Film condensation of binary-mixture flows in a vertical channel of variable cross-
section is studied by using the integral method for vapor flow and the Nusselt model
for the condensate flow. The two flow fields coupled with the interfacial conditions
are solved numerically to predict the effects of the channel geometry, the vapor flow
speed and direction, the inlet and wall temperatures and the type of binary mixtures
on the behavior of film condensation. At the boundary between the vapor and the
condensate, an infinitesmally thin layer of mixtures is assumed to be in liquid-vapor
equilibrium. A saturated vapor mixture is introduced downward or upward into a
vertical channel of variable circular cross-section with a wall cooled isothermally.

The film condensation is appreciably affected by the liquid-vapor equilibrium char-
acteristics and the mass transfer processes in the vapor mixture. The condensation
rate takes very large values close to the starting point of condensation. It then de-
creases rapidly due to the growth of concentration layer in the developing region.
After taking a minimum, it tends to increase again in the developed region owing to
the behavior of mass transfer. This is remarkably different from that of film con-
densation of external flows. It is caused by the fact that high rates of condensation
in the developing region lead to intensive consumption of the volatile species in the
bulk vapor mixture which promotes the mass transfer from the interface. In the case
of external flows, they have infinite sources of the species to compensate the con-
sumption.

The heat flux to the wall has the same features as the condensation rate. The in-
terfacial temperature also decreases rapidly from large values close to the flow inlet
in the developing region and then increases again in the developed region. Due to
small difference of temperatures at the interface and the wall, the change in the in-
terfacial mass fractions in the flow direction is not appreciable. The film thickness
varies in the direction of the condensate flow with the exponent power of 0.15 to 0.3
depending on the channel geometry, the flow direction, the temperature difference
and the type of mixture.

The nozzle-type flow always yields larger values of the condensation rate, heat flux,
film thickness, and interfacial temperature and velocity compared with those of the
diffuser-type flow. Due to compensating effect of axial changes in the condensation
rate and the interfacial area, the overall condensation rate and the heat flux are not
considerably affected by the channel geometry. The developing process of concentra-
tion and temperature layers of the vapor mixture is not appreciably influenced by the
flow direction. After developed, especially close to the vapor-flow outlet, the flow
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direction has a considerable effect on condensation. The effect of vapor-flow velocity
on the condensation rate can be correlated with the Reynolds number based on the
distance from the vapor-flow inlet. Concerning the type of mixture and the system
temperatures, the features of condensation can be characterized by the factor, 4,, the
ratio of the difference of mass fractions at the inlet and the wall state to that of
equilibrium mass fractions of the vapor and the liquid at the wall state;

4 = Ce(Tw)_' Ce(Tw)
” Ce(Tw)— C_e(Tw) .

As a comparison with the developing flow field, concentration and temperature
fields of a quasi-developed profile are considered with emprical transfer coefficients
for laminar and turbulent flows. Due to lower rates of condensation in the starting
region, they show different features of condensation process compared with those of
developing flows, although they also are much characterized by the equilibrium
feature 4,, and the mass transfer at the interface. The rate of condensation and the
heat flux are monotonously decreasing in the direction of the condensate flow. The
interfacial temperature is increasing monotonously or after a maximum gradually
decreasing. The vapor-flow direction has little influence. These imply that flow
behavior in the starting region of condensation has an appreciable effect on the film
condensation of binary mixtures in a vertical channel.

Based on the knowledge of numerical results, similarity behavior is considered of
the film condessation by examining strictly the governing equations and their bound-
ary conditions. For usual cases, the condensation process can be characterized by
the following parameters.

¢=¢(x*; %z, K., K, K, S., P,)

c

where 4,/S,, K,, K, and K, mean the characteristic factors of mass transfer, heat
transfer and phase equilibrium of the vapor and the liquid, respectively. The condi-
tions of the boundary-layer type flow for the vapor mixture and the Nusselt approxi-
mation for the condensate are expressed in terms of R,, G, and 4,/S..
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APPENDIX A CONSERVATION EQUATIONS FOR MIXTURES

Considering a chemical Species « having the velocity vi(x;, r) and the density
p.(x;, t) at a point (x;, t), the continuity of the mass of species « without any chemical
reaction is then given by
9

o) =0 (A1)

op°
ot +

When species « is acted by the stress tensor #f; and the body force £, the conserva-
tion equation of linear momentum is written as

—(,ft—(p“v;'wr 9 (pavzv;)=—a?—(nzj)+p“ﬁ (A2)

0x; X;

The stress tensor #f; can be expressed in terms of pressure and viscous stress tensors;
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ny = —Pp"0;;+73; (A.3)

The conservation of energy is given by

9 (0u8°v8) =2 (uimt,) + g‘h +oofus (A49)

0  wara
—(pé
ot (e%e")+ 0Xx; 0X; X;

where é* is the sum of the internal energy of species « per unit mass of species «a, €%,
and the kinetic energy of species «, vivg/2, and g is the heat flux vector for species .

When the reference coordinate system for the mixture is taken to move with the
mass-weighted average velocity for all molecules in the mixture, v,, the mass-weighted
average velocity for molecules in species « results in the diffusion velocity of species
a, Vi

Vi =v,+ V¢ (A.5)
where

v=Ylpui Y Wr=0 (A.6)
a (0 «

In the term of mass fraction of species «

a

Co=P (A.7)
0
Eq. (A.1) is written as
] 0 0
Ca v C“ [ — * VZ“ A.8
= (eC)+ o, (ov.C*) o, (e"V?) (A.8)

As for summing Egs. (A.1), (A.2) and (A.4) with respect to « to obtain the overall
conservation equations of the mixture, the physical quantities as ensemble can be in-
troduced. The total stress tensor x,, and the total viscous stress tensor z,; are defined
as

Tyy=— PO+ 1= 2 (= p0yy+ti;— " ViV}) (A.9)

where p® is the equilibrium or thermodynamic pressure of species «. Equilibrium
occurs when each component is in equilibrium and when the diffusion velocity is zero.
Then, the above relation yields the definition of the total pressure

pP=2.p" (A.10)

a

The total thermodynamic energy e and the total enthalpy of the mixture /4 are defined
as

pe=>, p%e" ph=>2 p"h"=> (p“e*+ p*) (A.11)
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The specific heat of species «, c;, and the total specific heat of the mixture, ¢, at
constant pressure are

o= ( on ) c,=31Cres (A.12)
oT /» P
By assuming that the diffusion process has little contribution to the kinetic energy
and to the stress work and that the kinetic energy, viscous work and body force work
are negligible, the summation of Egs. (4.1), (4.2) and (4.4) with respect to « for steady
state gives the overall conservation equations;

(pv)=0 (A13)
ax;
0 (ov)=— P i 5 e (A.14)
ax; ox;, ox, ‘=
a a Q [ a
(i) =—"—{ =g~ pVi| (A.15)
_ 04 — > p Ve or (A.15)y
0x; p X;

In the cylindrical coordinates with axial symmetry, Egs. (A.8), (A.14), (A.15) and
(A.15)Y are written as,

0 1 o 0
_ Ce — 2 (rovC*= —
o (ouC*)+ e (rpvC*) 5

1
(V) — L2 (rpve) (A.16)
¥ or

o/

D2 (rpoy= =4 Fee . L D e St (ALD)
ox r or 0x or «

2oyt~ L roovy= — O 4 0%re L0 oy s (ALS)
0x roor or 0x r or «

D pumy+ - rovhy=— 2 (g + S v
0x r or ox a

— o arzenr:)) (A.19)
roor 7
1 o 1
Cpi(puT)_*“Cp—— ———(I'pUT): —ﬂ«_i(rqr)
ox r or
—Z(p Vr“cpﬁ—kp Vee aarT) (A.19)

where u and v are the velocity components in the x and r dirctions, respectively. The
diffusion velocity of species « for a binary mixture (o« =1, 2) can be expressed as

oC*

aVia:_ Da
P oD

(A.20)
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where D= is the binary diffusion coefficient of species @. The viscous stress and the
heat flux are given by

ov; ol
Tz‘j:#‘g— q,=—k

A.21
0x; 0Xx; ( )

where p2 and k are the dynamic viscosity and the heat conductivity of the mixture,
respectively.

APPENDIX B BOUNDARY CONDITIONS AT THE INTERFACE

Assume two mixture flows contacting each other at an interface of infinitesmal
thickness where the change in physical phases takes place without any chemical re-
action. The interface is located at 5(x;, ). When the conservation equation of a
property, ¢, is written in the form of

9 | 9% _ B.1
ot + 0x; (B-1)

where ¢; is the flux vector of ¢, the continuity condition of the property flux across
the interface is given by

o
X,

n)Ggem)  w

0x;

(62 +9

where subscripts + and — denote values evaluated at the point of positive and nega-
tive sides of the interface, respectively.

From Egs. (A.1), (A.2) and (A.4), the continuity conditions of the mass, momentum
and energy fluxes of species « are expressed as

. . o . O oy
me =m< m*=p*—4 4 p*vi —~— B.3
5 TV (B.3)
: o S ara 07 apapa_—ay 0
Fy =F Fi=p vi—+(p Uin““n'ij)-—‘ (B.4)
ot ox;
’a_~ " Ta— pafa 877 548 & e O a a’?
E+——E_ E :p e '—‘—i—((oae vj—vtn2]+q]) (B.S)
ot X;
Summing Egs. (B.3) to (B.5) with respect to species « gives
Wi, =m_ m=> m" (B.6)
Fi+:Fi— FZZZF: (B-7)
E,=E._ E:ZE“ (B.8)

In terms of the diffusion velocity V7, the fluxes are written as
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o7

a7
= 00— Ui_ B.9
£ ot Te ox; (B-9)
Fy=riw,—m,, 00 (B.10)
" ox,
E:m(e+ Lyt Leaye Vg) Wi, —4,)- 2 (B.11)
2 « 2 ax
i=ar+or(e s Svive)vi—= V“}
The energy flux is rewritten by using the enthalpy as
° . 1 1 a a a 877
E=nmlh+ —vu,+ > —CVeVi)— vz —G7)—— (B.12)
2 « 2 ’ ox;
AL « a a 1 a a a a a
‘IJEZ{‘I]"*‘P (h +‘§‘Vk Vk) Vi _Tjka}
Equation (B.3) with (B.9) gives the continuity of the mass flux of species
=i =i g Vg%?. (B.13)
xz’

With Eq. (B.13), the energy flux, Eq. (B.12), is further rewritten as

E— Z[ ( —;—vkvk+z CV“V“) {(v +V«)zw—qj}%‘] (B.14)

3
The latter expression for the energy flux is more convenient than Eq. (B12), from the
standpoint of the definition of the latent heat of phase change.

When the flow is steady and diffusion has little contribution to the kinetic energy
and the stress works, Eqs. (B.12) and (B.14) become, respectively,

E:ﬁz(h—}— kavk) — (viri i—q:— > ph" VJ‘.‘) 9 (B.15)
2 J J — axj
; & a 1 877
E=3 m\h*+—vv; ) —(vTi;—9q,) (B.16)
« 2 ox;

where ¢;=>_ q;. Further, if the kinetic energy and the viscous works are negligibly

small in comparison with the enthalpy and the heat conduction, respectively. these
fluxes are reduced to

E:mh+(qi+zp"hw:)§’7~ (B.17)
a X

i

(B.18)

E=Yriche+q, 2
« 0x;
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The continuity of energy flux at the interface is then expressed as

ma¥ = {(th S e V) _ (qi S o V;) } 85'77 (B.19)
a - a + xi
. af alsay O oy
m2+Z’2 (P Vz)—aT‘“{(Qz)——(‘]z)+} 5 (B.20)
where the latent heat of phase change is defined as
A¥=h,—h_ h=> Ch" (B.21)
2=>.C2" A2=h5—h (B.22)

When the interface is steady and two-dimensional or axisymmetric, and its location
is given by

—y—6(x)=0 (B.23)

the continuity conditions, Eqgs. (B.6) to (B.8), are

(‘ov—pugg)+=<pv—pu—%s—> =m (B.24)
{u—(p=2.0 9~} ={im—(p—r.0 0=} (B29)
{2,090+ (p—2,)} ={rw+e, 0+ (=)} (B.26)

it ={(q,+ Sewvs) —(a+Ten ;) |
do

~{(a+Zonve) —(a4Zewve) 90 B2)
it SV — (@) 42 e
=(qy-—qy+)— (4= —q“)% (B.28)

The continuity of mass flux of species «, Eq. (B.3) is

{n’lC“—f—(‘o“V“ oV da)} {IhC“—l—(p"V“ oV da)} (B.29)
dx dx/)-

With the boundary layer assumption (d/0x < d/dy) and dd/dx < 1, these equations

are reduced to
( ay + ay - ( . )
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p.=p. (B.31)
At = (kﬂ o3 /zapaﬁgi) _ <k£+ oS haz)aﬂci) (B.32)
oy « oy /+ ay « oy /-
A (pD«i€i> o (ka_T> _ (kﬂ) (B.33)
« oy /- oy /+ oy /-
(n‘qC" _ pDai'i,Qi) — (mCa _ pD”‘Egi) (B.34)
oy /+ oy /-

where 1, = u_ is assumed.

APPENDIX C NUMERICAL PROCEDURE

The numerical procedure employed to solve the governing equations are as follows:

1.
Dynamic viscosity

p=exp (X;In g, + X, In 1,) pi:eXp(%+

Heat conductivity

X, -1 X, -t
<1 +_A—/:—¢12> it (1 +72‘¢21) e Ui=

Functions generating mixture properties are defined;

T
T

L0+ Csi
T+ Cy;

Hio

(7,)

a, T+ p,T+1

B

T +7’i>’

k= Xk, + X:k, ki:ki() £
Hio
_ _ - _ — O\ 4/3
k=Ck,+Cyk,—0.72C,Cyk, — k) ki:k“)(ipt;)
©io
Diffusion coefficient
D 0.008377%3 ( 1 1 )0‘5
= —— +
p( V;ig + V;és)(T—\LF\/CsICsZ) Ml MZ
Density
G G, )'1 1
= + AT
o p( M ar (£T)
— - -
p:(cl+£2) _‘i:a—pTQ__{_ pT_‘_(-;-p
04 0
Specific heat
¢, =Cep+ Cocpy Cpi=au T +b,T+c,;
Ep:élépl+(—jzfp2 Epi:aciTz+EciT+Eci

Latent heat
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- #B, o
2:C111+C222+Ahs /Zz':m Ahs:_‘%T(Xllnfl‘f‘len?'z)
Equilibrium concentration
X,= _P”‘?zpsz _ X, = <1 + 7_’2P32X_—z )
T1Ps1—7T2Ps2 T1Ps1 X4

2. The type of binary mixture is specified.
3. The inlet flow condition and the channel geometry are given;

Uw, Too» Ty P, Ry R(x).
4. Dimensionless parameters are calculated;
R, R., P, P,S,G, G, H, M, p,, pt,,, k., ¢y,
5. For counter-current flows, the film thickness at the flow inlet is assumed;
HL)=o,  (Up<O0).
6. The axial step is advanced;
x=x+4+4dx (Uy,>0), x=x—4dx (U, <0).

7. Thermophysical properties are evaluated at the reference state.
8. The vapor flow variables are calculated in the manner

Flg0o}=Flgteo)+ | Efp(@nde
¢(.X')Z Rc9 Rt: COa 90’ Uy, D-

9. The film thickness and the interfacial velocity are calculated: 4, u,.

10. The interfacial temperature is calculated; 6,.

11. The interfacial concentrations are computed by the equilibrium condition; C,,
C,.

12. Steps 10 and 12 are repeated until a sufficient convergence is established.

13. Local and overall values of the condensation rate and the heat flow are calculated;

m, q, J:mdx, ﬁ:qu.

14. Steps 6 to 13 are repeated until the axial step comes to the end, x=_L, for co-
current flows.For counter-current flows, if the film thickness is larger than
107°R, at x=0, ¢, is reassumed, going back to step 5, and steps 5 to 13 are re-
peated.

APPENDIX D APPROXIMATE SOLUTION FOR ENTRY FLOWS

When the radial flow caused by distributed sinks on the interface due to condensa-
tion has little contribution to the convective transport of mass and energy, and further
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the liquid film flow hardly affects the flow field of vapor mixture, the situation of the
vapor flow is that the solutions of the temperature and concentration are those for a
tube flow with axial variation of the surface temperature and concentration at the
wall. Equations of concentration and temperature, Egs. (2.3) and (2.4) with Eq. (2.1)
are written in the x* coordinate as

9C

«x0C 11 0 ( D 8C>
= _ 7 - D.1
ax* v or o r or e or (D)
a6 Gl 1 S. 1 0 00 pdC 30 :
w D P 1o 19 (%) D2
ox* or  pc, P, r or or b or (D-2)

where x* = x/(R,S,) and v*=R,S,v. The convective transport of energy due to diffu-
sion velocity is not substantial for usual cases, and can be neglected. The fluid pro-

perties may be evaluated at an appropriate state so as to be regarded as constant.
Then Eqgs. (D.1) and (D.2) are rewritten as

8C _ #C | 1 aC

O~ * . D.3
. ax* + or or? roor (D-3)
00 « 00 S ( 0%0 1 00 )
S, =t - D4
. ox* v or ort r or (D-4)

The v-component velocity at the interface is estimated by Eq. (3.39)

When (T,,— T,)/T,, < 1, v¥* < 1 can be expected except for very close to x=0 where
R,~R,. In the case of v* <1, Egs. (D.3) and (D.4) are further reduced to

, 0¢ _oC 1 9C (D.5)

ox* or: r or

P, 06 0°f 1 06 .
) = — D.6
S, lax* or* r or (D-6)

The radial profile of u-velocity may be assumed of a fully-developed flow,
u=u,(x*)(1—r?) (D.7)

where 1 can be obtained by the continuity equation, Eq. (3.12);
u,=1 —Jw dmdx*. (D.8)
0

With this u-velocity profile, Egs. (D.5) and (D.6) become

oC : L Lac (D.9)

u,(1—r?) 9C _ RS

ox  or
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o4 0%0 1 a6
1_—"2 - = — —_— D.IO
i )ax or? + r or ( )

P,
S.

where the superscript * is abbreviated.
At the liquid vapor interface which is regarded to be located at »= 1, the boundary
conditions are given by

C=C/(x) 0=0,(x) at r=1 (D.11)

C;(x) and 6(x) are to be determined by the condition of flux continuity at the interface.
At the center,

9C_o 99 _y  at r—o0 (D.12)
ar or
At the starting point of condensation,
C=C, =1 at x=0 (D.13)

The solutions of Egs. (D.9) and (D.10) for variable concentration and temperature
at the “wall” can be easily found by superposing solutions for constant wall condi-
tions. Equations (D.9) and (D.10) for constant concentration and temperature at the
wall are solved with the variable separate method;

C(x> r): Xc(x)' Rc(r)
0(x, r)=X,(x)- R(r)

These separate variables reduce Egs. (D.9) and (D.10) to a set of equations in the
form of

X L arx—0
dx

dR? 1 dR .
= 1—r)Y=0
dar® + r dr +a )

which give a solution of

R™(r)exp ( —aijj d§ )

Uy

where «, is the eigen value and R‘™ is the corresponding eigen function. Thus, the
solution for the constant wall condition can be expressed as

Clx, r)= io a, R™(r) exp <—a2L uo‘lds) (D.14)
O(x, )= io b, R%(r) exp (—az f; fo uo“ld{-') (D.15)

r

and the gradient at the interface as
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(aaf) :gﬁ" exP('“if:“O—ldE) (D.16)
(?j) ,- zgﬁ” exp(““i f, ﬁ:uo‘ld&) (D.17)

Values of «, and j, are numerically calculated by Sellars et al. [18] and listed as
follows.

n a, B.12
0 7.312 0.749
1 44.62 0.544
2 113.8 0.463
3 215.2 0.414
4 348.5 0.382
>5 (4n+8/3) 1.0126 0(‘“3

When the concentration and temperature at the wall vary in the axial direction,
the solution can be obtained by Duahmel’s superposition theory;

()=o) e g e o

()0 (S o

where subscripts 1 and O means values at r=1 and x=0, respectively. Substituting
Egs. (D.16) and (D.17) into Eqs. (D.18) and (D.19) yields

oC TS v dcC,;
(50),= 1. Zipr oo (et [Lwrar) Gora

or de
+ 338, exp ( —ad L uo—ld;y)(q —C), (D.20)
(5r).=J Zpeeso(=at - [Luaan) e

+ ZOOZ 8. €xp (—ai ff rualdn>(ﬁi —6,), (D.21)
n=0 0

”

From Eqgs. (3.19) and (3.20),

k,(%‘i> L0 _ePR 1 (ac> (D.22)
r /1 . ) 1

With Egs. (D.20) and (D.21), Eq. (D.22) gives

01-+2k75{ Zﬁnexp< aifj %7) do, 4

0n
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+ iﬁn exp(—ai S f uo—ldﬁ)(ﬁi_‘eo)o}
=0 P Jo

r

_ oPR. {“’ ex( f 1y 49 4
HRSCCZﬁ"p"uongf

n Zo 8, exp <_ ] f 0 uo‘ldp>(Ci _ CO)O} (D.23)

Coupling Eq. (D.23) with the phase equilibrium gives §,, C, and C,.
The mass flux of the condensate at the interface can be expressed by Egs. (3.38),
(3.39) and (3.40) as

cx_ 1 d {(Gr _ R, dp)az 52} D.24
" o, dx R M?R,S, dx + it (D-29)
"= et B em (= ) G
H c—C Zﬁnexp @, | Udy de

+ 5 exp (—ad [su'dy )€~ €, (D.25)
o= RS 5 exp (= 5 [[usra) 42
B R, L T &P R e | )

+ S, exp(—aioe [ urtan) 6,00, (D.26)

T

Combining Egs. (D.24) and (D.26) gives the film thickness §;

d (_; R, dp
ax \\R, "R, ax )’ TH

_ H.RS, S (¢ do,
6, ka{ ) (— 2 e f ‘1d> i

pTPR [ + an;‘B W P, 5”0 7 d¢

4 ;0 8, exp<—ag f; L ug‘d;;)(ﬂi—ﬁo)o}] (D.27)

r

The interfacial velocity u,, and the pressure can be obtained by the same equations in
Chapter 3, although these effects on the vapor flow are negligibly small.

The integro-differential equations, Egs. (D. 23) and (D. 26), can be solved numeri-
cally. They require an initial condition at x=0, which hardly affects the result ex-
cept for in the vicinity of the origin. For this condition, =0 and 6,= 1 may be
taken. A numerical example obtained by this procedure is shown in F ig. 24 for the
case of ethanol-water mixture with 7,,=90°C, T,,=89°C, and Uywy=1cm/s. The
dashed lines means the result by the integral method. Difference is remarkable of
the rate of condensation and the heat flux, although the film thickness shows nearly
same values. In Egs. (D.9) and (D.10), the contribution of the radial convective
transport of mass and energy is neglected. Close to the interface, the result shows
that v¥~0.1 and «,~0.03. Thus, the neglected contribution is substantial, not being
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0 0.02 0.04 o* 0.06 0.08 0.10

Fic. 24. Approximate solution of entry flow; ethanol-water, C, Ty,=90°C, T.w=
89°C, Ugp=1cm/s (——-, integral method).

ignored. However, for cases of further smaller difference of T, and T, this ap-
proximate solution may provde more useful results.

Department of Propulsion

Institute of Space and Aeronautical Science
Unicersity of Tokyo

October, 16, 1980

This document is provided by JAXA.





